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Abstract
The human mitochondrial chaperonin is a macromolecular machine that
catalyzes the proper folding and assembly of newly imported mitochondrial proteins into
their biologically active state. It is composed of two proteins from the highly conserved
heat shock protein family, hsp10 and hsp60, that assemble into large oligomeric
complexes responsible for mediating the folding of non-native polypeptides in an ATP
dependent manner. In addition to its innate role in protein folding, human mitochondrial
hsp60 has been implicated in numerous moonlighting cellular activities that have been
linked to diseases conditions such as cancer and neurodegeneracy.

In light of its

cellular importance, the conditions that propel the human mitochondrial chaperonin
through its protein folding mechanism are not well understood. Here I propose a protein
folding scheme for the mitochondrial chaperonin based on negative stain electron
microscopy 3-D reconstructions.

I found that the human mitochondrial chaperonin

complex accommodates both analogous and novel conformations to the bacterial
chaperonin groEL/ES under the electron microscope. In addition, I report the first 3-D
reconstruction of the human mitochondrial hsp60/10 single ring complex, an
intermediate not observed in the groEL/ES protein folding mechanism.

Collectively

these results provide insight into the architecture of the human mitochondrial
chaperonin along its protein folding pathway and lay the foundation for high-resolution
structural investigations.
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Chapter 1: Chaperonin Assisted Cellular Protein Folding
1.1

PROTEIN FOLDING
Proteins are biological polymers composed of the 20 proteinogenic amino acids

and are responsible for a variety of cellular activities that are dictated by their respective
three dimensional structures in solution (Canchi and Garcia 2013). The biologically
active conformation of a protein is referred to as the native-state and is completely
dependent on the structure of the protein. The sequential order in which the amino
acids are linked together comprises the primary structure of a protein, and has been
demonstrated to specify both the native structure of the protein and the process to
obtain that state (Anfinsen 1973; Canchi and Garcia 2013; Wang, Yu, et al. 2013). The
molecular interactions between consecutive amino acid residues in the primary
structure results in the formation of secondary structural elements such as α-helices and
β-sheets (Pirovano and Heringa 2010).

Protein tertiary structure is a known as a

combination of secondary structural elements while quaternary structures constitute
multi-protein complexes (Majorek et al. 2012; Marsh and Teichmann 2015; Safo and
Abraham 2005).

The collective interaction of primary through quaternary structural

elements constitutes the native-state of a protein and confers its biological activity.
In the cell proteins face the arduous task of properly forming all their structural
elements on extremely short timescales without misfolding or aggregating, either of
which would compromise cell viability (Gelman and Gruebele 2014).

The exact

mechanisms that proteins use to achieve their native-state are not well understood and
are still heavily debated and studied (Ben-Naim 2012; Bywater 2013). Early studies on
1

protein folding indicated that it is a process that is guided by rapidly forming molecular
interactions that reduce the number pathways to the native-state (Ben-Naim 2012). The
term “native-state” can be misleading as many proteins accommodate multiple
conformational intermediates (Karplus 2011). Therefore, throughout the remainder of
the text the term “native-state” will simply refer to the state of the protein that confers
biological activity. Under physiological cellular conditions proteins are never allowed to
fold in an un-perturbed environment, and as a consequence cells have devised a variety
of mechanisms to ensure that proteins fold and remain in their biologically active
conformations.

1.2

HEAT SHOCK PROTEINS
It is critical for cells to maintain protein homeostasis considering most cellular

activities require the actions of multiple proteins. There are many variables the cell
must consider that can cause a protein to misfold and compromise its survival. Factors
such as temperature, pH, chemical agents, and disease conditions can cause proteins
to misfold rendering them unable to perform their respective duties (Schumann 2016;
Wang, Miyata, et al. 2013). Therefore, the protective mechanisms that prevent proteins
from misfolding are critical for proper cell viability.
Exposure to elevated temperature elicits a similar response in all cells that
includes inhibition of general protein synthesis and increased synthesis of a specific set
of proteins termed heat shock proteins (hsp’s) (Lanks 1986). Hsp’s are among the most
evolutionary conserved proteins recognized, displaying high homology at both the
genetic and protein level that provides evidence that the heat shock response is a
biologically conserved mechanism (Lindquist and Craig 1988). Although hsp’s were first
2

recognized for their response to temperature, hsp expression can be elicited by a
variety of cellular stresses such as hypoxia, oxidative stress, chemical stress, virus
infection, and in human diseases (Fayet, Ziegelhoffer, and Georgopoulos 1989;
Morimoto and Fodor 1984; Santoro, Garaci, and Amici 1989). Furthermore, it is now
recognized that some hsp’s are constitutively expressed in non-stressed cells and that
these proteins are involved in essential cellular processes such as steroidogenic
signaling and translocation of proteins across membranes (Alderson, Kim, and Markley
2016; Hildenbrand and Bernal 2012b).

1.3

MOLECULAR CHAPERONES
There are numerous hsp’s with distinct cellular roles that are classified into

groups known as molecular chaperones, unfoldases, and proteases that all function in
an ATP dependent manner (Clare and Saibil 2013; Schumann 2016). Hsp’s come in a
variety of sizes ranging from small to large proteins and are named according to their
respective molecular mass i.e. hsp10, hsp60 and hsp90 (Lanks 1986; Priya, Sharma,
and Goloubinoff 2013).

In response to an elevation in temperature molecular

chaperones confer thermo-tolerance to cells and restore functions to proteins that were
lost during heat shock (Colbert et al. 1987). The function of the unfoldases is to unfold
proteins and deliver them to the proteasome for degradation (Clare and Saibil 2013).
Together, the hsp’s comprise a multi-protein network that helps maintain protein
homeostasis in the cell.
All molecular chaperones are capable of interacting with misfolded proteins
through hydrophobic interactions, preventing and averting their deleterious effects on
the cell (Priya, Sharma, and Goloubinoff 2013).
3

There are two classes of helper

molecules that aid in protein folding, molecular chaperones and chaperonins (Clare and
Saibil 2013).

Molecular chaperones are small monomeric or dimeric proteins that

interact with unfolded or partially folded proteins stabilizing non-native conformations
and preventing their aggregation.

Chaperonins on the other hand are large multi-

subunit complexes promote the proper folding of proteins through binding and
encapsulation, restoring the protein to its biologically active state (Horwich, Farr, and
Fenton 2006).

1.4

MOLECULAR CHAPERONES
Two well-studied molecular chaperones are hsp70 and hsp90 that can be located

in multiple cellular compartments such as the eukaryotic cytoplasm, nucleus,
endoplasmic reticulum, chloroplasts, and mitochondria (Santoro, Garaci, and Amici
1989; Zuehlke et al. 2015).

Hsp90 is one of the most abundant cellular proteins,

comprising approximately 2 % of the total cellular protein in unstressed eukaryotic cells
and up to 4 % during cellular stress (Brandvold and Morimoto 2015; Zuehlke et al.
2015).

Both hsp70 and hsp90 operate in an ATP-dependent manner that can be

regulated by co-chaperone proteins and post translational modifications such as
phosphorylation (Verma et al. 2016). Given their pivotal role in proper cell viability, it is
not surprising that hsp70 and hsp90 are implicated in various disease conditions such
as cancer and neurodegeneracy (Brandvold and Morimoto 2015).

1.5

CHAPERONINS
Chaperonins are large biological machines that use the binding of ATP and the

energy derived from its subsequent hydrolysis to trigger large conformational changes
4

that guide the folding of nascent or misfolded proteins into their native state
(Hildenbrand and Bernal 2012a). By providing kinetic assistance, chaperonins bind and
sequester proteins inside a protective environment to allow proper folding and to avoid
irreversible protein aggregation and ultimately pre-mature cell death (Ellis 1994;
Horwich et al. 2007).

Figure 1.1 General Architecture of Chaperonins A) Side view of the bacterial groEL
chaperonin structure displaying the two rings that compose the body of the
chaperonin, and an individual subunit that is docked into the structure for better
visualization of the subunit in relation to the whole complex. B) Ribbon
representation of the groEL chaperonin subunit displaying the three major
architectural domains; apical (pink), intermediate (yellow), and the equatorial
(cyan). Figure adapted and modified from Hildenbrand and Bernal 2012a.

Chaperonins constitute a highly conserved family of functionally and structurally
related hsp60 proteins found in organelles of endosymbiotic origin, the bacterial
cytoplasm, and in the eukaryotic cytosol (Cheng, Hartl, and Horwich 1990; Reissmann
5

et al. 2007). Hsp60 proteins in bacteria and humans are constitutively expressed at all
temperatures and similar to other hsp’s, hsp60 expression is up-regulated in response
to cellular stress (Fayet, Ziegelhoffer, and Georgopoulos 1989; Horwich 1990; McMullin
and Hallberg 1988; Mizzen et al. 1989).

When compared against chaperones,

chaperonins possess a unique ability that enables them to restore biological activity to
misfolded proteins (Viitanen et al. 1990; Zheng et al. 1993). It is estimated that 30 % of
cellular proteins require the aid of a chaperonin to assist in their folding under
physiological and stress induced conditions (Ferrer et al. 2004). The essential cellular
function of chaperonins is exemplified by knock-out experiments revealing the deletion
of the host chaperonin hsp60 homologous gene is lethal in both bacteria and yeast
(Fayet, Ziegelhoffer, and Georgopoulos 1989; Reading, Hallberg, and Myers 1989;
Rospert et al. 1993).
Numerous high-resolution structures on various chaperonins have led to the
observation that all chaperonins share a similar subunit architecture consisting of three
domains as seen in figure 1.1 (Braig et al. 1994; Ditzel et al. 1998; Zhang et al. 2010).
An equatorial domain that contains the ATP binding pocket and major intra- and interring contacts between subunits (Ranson et al. 2001), a polypeptide/co-chaperonin
binding apical domain (Fenton and Horwich 1997), and a hinge-like intermediate
domain connecting the apical and equatorial domains (Braig et al. 1994; Ditzel et al.
1998).

Chaperonins generally consist of between 14-18 subunits arranged as two

stacked rings creating two internal chambers that can each sequester substrate proteins
(Zhang et al. 2010).

6

1.6

CHAPERONIN CLASSIFICATION

1.6.1 Group I chaperonins
Currently chaperonins are categorized into two groups according to their
oligomeric subunit organization and necessity for co-chaperonin to enclose their central
protein folding cavities (Reissmann et al. 2007). Group I chaperonins are found in
eubacteria and organelles of endosymbiotic origin, and are homo-oligomers of two
stacked seven membered rings that form a tetradecameric complex (Lee et al. 2013).
In addition, group I chaperonins possess a staggered (1:2) inter-ring subunit
organization in which one subunit contacts two subunits in the opposite ring. Group I
chaperonins on their own cannot encapsulate substrate protein and require the
assistance of a co-chaperonin protein that acts as a lid capping the central protein
folding chambers, figure 2 (Hayer-Hartl, Bracher, and Hartl 2016). In the absence of cochaperonin, chaperonins are unable to restore biological function to non-native proteins
but are still capable of preventing non-native protein aggregation (Ellis 2003). The
binding of ATP induces allosteric movements in the chaperonin that enables its
association with co-chaperonin protein (Xu, Horwich, and Sigler 1997). The necessity
of co-chaperonins for chaperonin activity in humans is highlighted by the identification of
the two corresponding nuclear genes located head to head on a bi-directional promoter,
ensuring the co-expression of both gene products (Hansen et al. 2003).

1.6.2 Group II Chaperonins
Group II chaperonins have been identified in archaea and the eukaryotic cell
cytosol, and are hetero-oligomers consisting of 16-18 subunits of distinct yet structurally
7

related hsp60 subunits (Lee et al. 2013; Reissmann et al. 2007). The crystal structure
of the archaeal Thermosome revealed the structure is composed of two stacked eight
membered rings of alternating α- and β-subunits (Ditzel et al. 1998). In the absence of
co-chaperonin protein, group II chaperonins possess a built-in structure that protrudes
from the top of the apical domains enclosing the central cavity (Lee et al. 2013; Molugu
et al. 2016).

Group II chaperonins have an in-register (1:1) inter-ring subunit

arrangement with each subunit contacting only one subunit in the opposite ring, figure
1.2. Similar to group I chaperonins, the central cavity in group II is closed in an ATPdependent manner (Molugu et al. 2016).

8

Figure 1.2 Chaperonins from Group I and Group II. a) Side-view of groEL/ES showing the
cis-ring capped by groES and the un-capped trans-ring (PDB 1PF9). b) Top view
of groEL/ES. c) A central slice perpendicular to side-view of groEL/ES showing
the differences between the chambers in the cis- and trans-rings. d) Group II
Thermosome side view (PDB 1A6D). The α- and β-subunits are colored in yellow
and purple, respectively. e) Top view of Thermosome showing the octameric
subunit arrangement. f) Central slab through Thermosome depicting the small
central protein folding cavities. Figure modified and adapted from Hildenbrand and
Bernal 2012a.

9

1.6.3 φ-EL and the Group III Chaperonins
The newly reported group III chaperonins (Hildenbrand and Bernal 2012a;
Molugu et al. 2016), are encoded in the genomes of humans, viruses, and bacteria; and
contain structural features from groups I and II (Ferrer et al. 2004; Semenyuk et al.
2016; Viitanen et al. 1992). The recent identification of a chaperonin encoded by the
Pseudomonas aeruginosa phage-EL (φ-EL) incorporates structural features from both
groups such as; a homo-oligomeric seven membered ring (group I), it does not require a
co-chaperonin for activity and utilizes in-register inter-ring subunits (group II) (Molugu et
al. 2016).

The unique combination of structural features observed in the φ -EL

chaperonin have led to the utilization of double and single ring intermediates and has
made it difficult to assign to a group based on the current classification criteria (Molugu
et al. 2016). In addition, the identification of double/single ring chaperonin systems in a
variety of organisms ranging from viruses to humans has further muddied the waters of
chaperonin classification (Ishii et al. 1995; Truscott, Hoj, and Scopes 1994; Viitanen et
al. 1992).

These single-ring chaperonins have blurred the boundary in current

chaperonin classification and warrant the use of a third group of chaperonins based on
the utilization of single-ring intermediates.

10

Figure 1.3 Pseudomonas aeruginosa phage-EL Chaperonin (φ-EL) a) Side view of the
single-ring ADP induced intermediate of φ-EL. b) Top view of the φ-EL single
ring showing the self-enclosure of its central cavity. c) Central slab through φ-EL
revealing the large protein folding chamber. (EMD 6493)

1.7

CHAPERONIN PROTEIN FOLDING MECHANISM

1.7.1 GroEL/ES Protein Folding Scheme
The bacterial chaperonin, groEL/ES, has been the subject of intensive research
for the past few decades and serves as the foundation for the general mechanism of
chaperonin-assisted protein folding (Hildenbrand and Bernal 2012a).

GroEL/ES is

group I chaperonin that is composed of two proteins; an hsp60 chaperonin protein
(groEL) and an hsp10 co-chaperonin protein (groES). GroEL forms a homo-oligomeric
ring of seven subunits that stack together to form a tetradecameric complex
approximately 800 kDa in mass.

GroES also forms a seven membered homo-

oligomeric ring (70 kDa), but instead acts as a lid trapping substrate protein inside of
11

groEL. High-resolution structures of the groEL/ES complex in various conformations in
concert with protein folding assays and kinetic studies have led to the proposal of the
groEL/ES protein folding mechanism (Boisvert et al. 1996; Braig et al. 1994; Clare et al.
2012; Xu, Horwich, and Sigler 1997).
In the substrate- and nucleotide-free (apo) state, groEL forms a highly symmetric
tetradecameric complex containing two protein folding chambers that are hydrophobic in
character (Braig et al. 1994). ATP binds with positive cooperativity to one ring but
negative cooperativity in the opposite ring (Hildenbrand and Bernal 2012a).

The

nucleotide-bound ring is referred to as the cis-ring; while the nucleotide-free ring is
referred to as the trans-ring (Xu, Horwich, and Sigler 1997). Upon binding of ATP, the
intermediate domains in the cis-ring swing downward toward the center of the
chaperonin, sterically closing off the nucleotide binding pocket thereby impeding early
dissociation of nucleotide from the chaperonin (Ranson et al. 2001; Xu, Horwich, and
Sigler 1997). Simultaneously, the cis-ring equatorial domains undergo an inward tilt that
induces an opposing outward tilt in the equatorial domains of the trans-ring and
discourages the binding of a second groES (Xu, Horwich, and Sigler 1997).

The

opposing movements in the equatorial domains of the two rings is the structural basis
for the observed negative inter-ring cooperativity and the two-stroke protein folding
mechanism of groEL/ES, figure 1.4.
In contrast to the downward movement of the intermediate domain upon ATP
binding, the cis-apical domains rotate and elevate away from the interior of the
chaperonin exposing the hydrophobic substrate binding residues (Clare et al. 2012).
Aliphatic and hydrophobic residues in the apical domains serve a dual purpose in

12

chaperonin assisted protein folding, as they are responsible for binding both non-native
protein and co-chaperonin (Landry et al. 1993; Xu, Horwich, and Sigler 1997). It has
been proposed that binding of non-native protein to groEL precedes groES binding
(Clare et al. 2012). Therefore, the newly forming groEL/ES interface removes the nonnative protein from its binding sites to groEL, forcing the substrate into the central
protein folding chamber that is now capped by groES (Horwich, Farr, and Fenton 2006).
Binding of groES stabilizes the elevated conformation of the apical domains and
produces two-new structural features that are essential for groEL/ES assisted protein
folding; a two-fold enlargement of the central cavity and a dramatic increase in the
hydrophilicity of the central cavity (Xu, Horwich, and Sigler 1997; Xu and Sigler 1998).
The increased hydrophilicity creates an environment that encourages the release of
substrate from the apical domains and its subsequent re-folding (Csermely, Soti, and
Blatch 2007).
The asymmetric binding of ATP leads to a “bullet” shaped complex that contains
groES and substrate bound to only the cis-ring (Ranson et al. 2006). The hydrolysis of
ATP to ADP in the cis-ring weakens the interaction between groEL/ES and opens the
door for nucleotide binding in the trans-ring that causes the ejection of substrate and
groES from the cis-ring (Rye et al. 1997). If the substrate has not reached its native
state upon the initial release then the chaperonin will rebind it for another round of
chaperonin assisted folding (Walter 2002). Once ATP binds to the trans-ring, the two
rings trade places and the trans-ring now becomes the cis-ring and vice-versa (Rye et
al. 1999). Therefore, the two rings in the chaperonin switch back and forth between

13

folding active states and clearly demonstrate the constant communication between rings
is necessary for proper groEL/ES activity (Liu, Kovacs, and Lund 2009).

Figure 1.4 The ATPase or Protein folding cycle of groEL/ES. The cycle is initiated by ATP
binding to the cis-ring in groEL that causes an elevation of the apical domains.
Following the rise of the apical domains, substrate protein and groES cochaperonin protein can now associate with groEL through hydrophobic
interactions. The net effect is the encapsulation of substrate inside an isolated
chamber with a hydrophilic lining. Substrate folding and ATP hydrolysis
presumably happen simultaneously. Upon the hydrolysis of ATP to ADP, the
trans-ring is primed for the binding of nucleotide, substrate and co-chaperonin.
The subsequent binding of ATP to the trans-ring triggers dissociation and ejection
of groES and native-substrate from the cis-ring. In this way the chaperonin is
allowed to adopt a folding active conformation in which only one of the two rings
are active leading to the characteristic two-stroke ATPase or protein folding cycle
of groEL/ES. Modified from Hildenbrand and Bernal 2012a.
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1.7.2 Group II Protein Folding Scheme
Despite the different methods for sequestering non-native proteins, group I and II
share a similar approach to their overall protein folding pathways (Horwich et al. 2007).
Both groups undergo ATP-induced allosteric movements directed by identical ATPbinding motifs within their equatorial domains (Hildenbrand and Bernal 2012a).
However, the closure of the central cavity in group II is triggered by ATP hydrolysis
rather than ATP binding as in groEL/ES (Zhang et al. 2010). In the absence of cochaperonin, the enclosed cavity in group II has less volume than what is observed in
groEL/ES (Ditzel et al. 1998). Additionally, inter-ring negative cooperativity has been
observed in group II chaperonins that leads to an asymmetric behavior between the
rings and a similar double stroke protein folding mechanism to groEL/ES (Hayer-Hartl,
Bracher, and Hartl 2016; Ditzel et al. 1998).

1.7.3 Group III Protein Folding Scheme
The similarities between the new group III φ-EL chaperonin and group II
chaperonins include ATP induced movement in the apical domains that lead to ring
closure and an in-register (1:1) subunit arrangement at the inter-ring inter-face.
However, the similarity to group II chaperonins ends here as the subsequent hydrolysis
of ATP to ADP triggers an extreme downward tilt of the equatorial domains that result in
separation of the double ring complex into two single rings (Molugu et al. 2016).
Knowledge of single ring chaperonins has largely been based from studies performed
on groEL/ES single ring mutants, while naturally occurring single rings remained
unstudied due to their labile nature in-vitro (Chen et al. 2006; Liu, Kovacs, and Lund
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2009; Viitanen et al. 1998). However, the elucidation of the φ-EL single ring structure
has opened the door for analysis on wild-type single ring chaperonins.
The group III chaperonin protein folding mechanism is currently based on the φEL chaperonin, whose unique structural features led to a novel protein folding cycle that
is highlighted by the dissociation of a double ring complex into two single rings (Molugu
et al. 2016).

The high-resolution ATP-bound cryo-EM reconstruction of the φ-EL

chaperonin shows distinct structural differences when compared against groEL/ES.
The EM-reconstruction of the ATP-bound tetradecamer was generated using d7
symmetry and clearly illustrates that both rings are in an open conformation with the
hydrolysis of ATP triggering the rearrangement of the built-in lid that closes the central
chamber (Molugu et al. 2016). Additionally, the central cavities of φ-EL undergo a
drastic expansion due to a large downward tilt of the equatorial domains in rings that
results in the dissociation of the double ring into two single rings. The central cavity in
the single ring complex undergoes a more than two-fold enlargement that enables the
encapsulation of the 116 kDa denatured β-galactosidase, a substrate too large to be
folded by groEL/ES (Ayling and Baneyx 1996).
Following release of nucleotide, the equatorial domains compress inward
allowing the two single rings to re-associate into a tetradecameric complex. Binding of
ATP to the newly formed apo-tetradecamer induces an outward expansion of the apical
domains and also moves the equatorial domain further inward (Molugu et al. 2016).
The structural rearrangement upon ATP binding is likely responsible for the ejection of
substrate and restarts the φ-EL protein folding cycle as both rings are again in the open
conformation (Molugu et al. 2016). Due to the simultaneous activity of both rings, the φ-
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EL chaperonin is proposed to operate via a one-stroke protein folding mechanism, as
depicted in figure 1.5.
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Figure 1.5 Protein Folding Scheme of the φ-EL Chaperonin: In contrast to other
chaperonins, ATP binding induces noticeable structural changes in both rings
resulting in an open symmetric structure. Upon hydrolysis of ATP to ADP and
substrate binding, the symmetric double ring structure dissociates into two single
heptameric with expanded internal chambers due to lowering in the elevation of the
equatorial domains. In the absence of co-chaperonin, ejection of substrate and
nucleotide from both rings results from the compression of the equatorial domains
upon re-formation of the tetradecamer. Adapted from Molugu et al. 2016.

1.8

THE HUMAN MITOCHONDRIAL CHAPERONIN
The process of human mitochondrial protein folding is facilitated by a chaperonin

that is currently classified as group I and is composed of the highly-conserved heat
shock protein 60 and its co-chaperonin hsp10 (Dickson et al. 1994; Horwich 1990).
Approximately 80% of hsp60 is scattered throughout the mitochondria where it
catalyzes the folding of proteins destined for the mitochondrial matrix (Hildenbrand and
Bernal 2012a; Singh et al. 1990; Soltys and Gupta 1996). The remaining hsp60 can be
found outside the mitochondria at locations such as the endoplasmic reticulum, the cell
surface, peroxisomes and the cytosol (Soltys and Gupta 1997, 1999). The hsp60 gene
HSPD1 is a nucleus-encoded gene that contains a mitochondrial targeting sequence
that is necessary for successful import of the hsp60 protein into mitochondria. The
targeting sequence is then cleaved by mitochondrial proteases to yield a mature hsp60
protein (Singh et al. 1990). The hsp60 protein that is not imported into the mitochondria
retains the mitochondrial import signal and has been coined naïve hsp60 (Vilasi et al.
2014).
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At present, it is unclear whether the mature or naïve hsp60 protein constitutes
the functionally active cytosolic hsp60 due to conflicting conclusions from multiple
studies.

Immunoblotting experiments using an antibody against the mitochondrial

targeting sequence of hsp60 revealed that the naïve hsp60 protein is located in the
cytoplasm of rat liver cells and is imported into the mitochondria upon cellular stress
(Itoh et al. 2002). Alternative experiments using mass spectrometry, N-terminal protein
sequencing and immunochemistry have demonstrated that the mature hsp60 protein is
associated with the histone 2B (H2B) protein in the plasma membrane of CEM-SS Tcells (Khan et al. 1998).

It has also been postulated that both the mature and naïve

hsp60 protein may coexist in the mammalian cytoplasm (Vilasi et al. 2014). In either
case, a functionally compromised hsp60/10 chaperonin complex in humans leads to
mitochondrial dysfunction and impaired physiological functions that have been deemed
responsible for the onset of two distinct neurodegenerative diseases, as well as roles in
early onset diabetes and juvenile rheumatoid arthritis (Hansen et al. 2002; Henderson,
Fares, and Lund 2013; Magen et al. 2008).
Early studies on chimeric chaperonin proteins composed of the apical domain of
groEL and the equatorial domain from hsp60 concluded that the resulting chimeric
chaperonin folds denatured substrate solely as single-rings (Nielsen and Cowan 1998).
However, evidence for this conclusion did not include any structural data or data from
wild-type hsp60/10.

Current literature has provided evidence that the human

mitochondrial chaperonin likely uses both single and double-ring intermediates during
its protein folding cycle (Levy-Rimler et al. 2001).

Previous efforts have purified

recombinant hsp60 secreted from eukaryotic cells and as a fusion protein to glutathione
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S-transferase; while others have purified individual monomers that were then
reassembled into oligomeric complexes upon the addition of ATP (Cunha et al. 2002;
Viitanen et al. 1998; Zhou et al. 2010). Such efforts were required due to the instability
of hsp60 in-vitro.
Despite its biological relevance, the labile nature of hsp60 in-vitro has hindered
structural and biochemical investigations. Consequently, functional details of hsp60 and
hsp10 have largely been inferred from studies performed on the well-known bacterial
homologue groEL/ES.

Although the amino acid identity between the mitochondrial

chaperonin and its bacterial counterpart is high, the mitochondrial chaperonin operates
via a single-ring intermediate indicating a novel protein folding mechanism distinct from
the bacterial chaperonin system (Jindal et al. 1989; Viitanen et al. 1992).

Thus,

groEL/ES by itself is not an ideal candidate for structural comparison to hsp60 and a
more appropriate chaperonin for comparison would be the newly reported φ-EL
chaperonin (Molugu et al. 2016). The protein folding mechanism utilized by the φ -EL
chaperonin is highlighted by its ability to dissociate from a double-ring complex into two
single-rings.

In addition, the inter-ring subunit organization and positive inter-ring

cooperativity that are observed in φ-EL suggests that it utilizes a one stroke protein
folding mechanism that relies on both rings being simultaneously active. In contrast, the
groEL/ES protein folding pathway is characterized by negative inter-ring cooperativity,
where ATP binding in the cis-ring hinders ATP-binding in the trans-ring (Weissman et al.
1995).

In spite of hsp60’s classification as a group I chaperonin, it is clear that

hsp60/10 shares structural features observed in both the φ-EL and groEL/ES
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chaperonins, making the case for re-classification of the mitochondrial chaperonin into
group III.

1.9

OBJECTIVE AND SPECIFIC AIMS
In this study I present biochemical and structural evidence to further support the

re-classification of the human mitochondrial chaperonin into group III. The ultimate goal
of the research is to identify the major conformational intermediates of the human
mitochondrial chaperonin as it progresses through its ATPase cycle using transmission
electron microscopy.
The structural investigation into the human mitochondrial chaperonin was broken
down into three distinct phases. The first aim is to express and purify recombinant
hsp60 and hsp10 proteins to homogeneity to facilitate biochemical and structural
analysis. The second aim is to utilize transmission electron microscopy to elucidate the
biological conditions that coerce the association of hsp60 and hsp10 into their various
complexes.

The last aim will focus on the generation of high resolution 3-D

reconstructions of the various hsp60/10 complexes to propose a protein folding pathway
for the human mitochondrial chaperonin.

1.10

HYPOTHESIS
Currently the φ-EL chaperonin is the best studied naturally occurring single ring

chaperonin. The proposed protein folding cycle of φ-EL involves the transition from
double to single-ring complexes that allows for the sequestering of extremely large nonnative proteins such as the 116 kDa β-galactosidase (Molugu et al., 2016). Additionally,
φ-EL utilizes a one-stroke protein folding mechanism that relies on the simultaneous
21

activity of both rings. Similarly, the human mitochondrial chaperonin has been reported
to operate via a one-stroke protein folding mechanism and utilizes both double and
single ring complexes. I hypothesize that the human mitochondrial chaperonin binds
ATP and substrate simultaneously to a double ring complex that dissociates into two
single ring complexes similar to φ-EL. Furthermore, I postulate that the single ring
hsp60/10 complex is able to sequester large substrate proteins that can’t be folded by
groEL/ES.
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Chapter 2: Transmission Electron Microscopy of Biological MacroMolecules
2.1

SIGNIFICANCE OF TRANSMISSION ELECTRON MICROSCOPY IN STRUCTURAL BIOLOGY
The field of structural biology has undergone many advancements through-out

the past few decades that have led to the elucidation of numerous high-resolution
protein macro-molecules (Boland et al. 2017; Ding et al. 2017; Nogales 2016). To date
X-ray crystallography has been the most successful and broadly used method for
obtaining high-resolution structural data on proteins (Bai, McMullan, and Scheres 2015).
However, the large amounts of sample required have set limitations in the application of
crystallography towards large protein complexes, membrane proteins and proteins that
occupy multiple conformational states (Nogales 2016). Additionally, new direct-electron
detector cameras for transmission electron microscopy (TEM) data-processing have
resulted in high-resolution structures, such as the 2.2 Å reconstruction of βgalactosidase, that rival those of X-ray crystallography (Bai, McMullan, and Scheres
2015; Bartesaghi et al. 2015). In particular, the computational algorithms for analysis of
proteins exhibiting conformational heterogeneity have greatly improved allowing for
high-resolution structures of transient protein complexes to be elucidated (Nogales and
Scheres 2015).

This chapter will focus on the methodology behind single particle

reconstruction and its application to the human mitochondrial chaperonin.

23

Figure 2.1 Advancement in TEM 3-D Reconstructions a) Image of the JEOL-3200FS TEM
in UTEP’s Department of Chemistry. b) 2001 TEM-reconstruction of groEL at
11.5 Å (EMD-1080). c) 2015 TEM-reconstruction of β-galactosidase at 2.2 Å
(EMD-2984). d) Subunit from the 2016 X-ray crystal structure of β-galactosidase
at 1.33 Å (PDB 4ZEH). The crystal structure was filtered to approximately 2 Å for
better comparison against β-galactosidase illustrated in panel “c” using EMAN2.
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2.2

OVERVIEW OF TEM IMAGE FORMATION
The first TEM was constructed in the early 1930’s by Ernest Ruska and Max

Knoll, and early biological studies with it followed soon afterward (Harris 2015). The
TEM is best known for its impressive physical size and the capability for resolving
features at the atomic level with the use of magnetic-lenses instead of glass-lenses
(Frank and Ebrary 2006; Smith 2008). The magnetic lenses in the TEM manipulate
electrons similar to glass lenses in light microscopy to produce high-resolution electron
micrographs (images). The shorter wave-length of an electron as compared to the
wave-length of visible light, allows TEM’s to image at much higher resolutions than
conventional light-microscopy (Frank and Ebrary 2006). The electrons that interact with
the biological sample are collected on media including photographic film and electrons
detectors, such as a CCD (charged coupled device), to create an image.
The JEOL-3200FS TEM here in the UTEP chemistry department utilizes a field
emission gun (FEG) cathode. The FEG contains a tungsten tip coated with a layer of
zirconium oxide that is made into a very sharp tip with increased conductivity at high
temperatures. The application of a high voltage to the FEG tip lowers the potential
ionization barrier allowing the emission of electrons (Frank and Ebrary 2006). The
emitted electrons follow a downward path through the condenser, objective, and
projector lenses, and are finally captured on a fluorescent screen at the bottom of the
microscope (Thompson et al. 2016).

2.3

BIOLOGICAL SAMPLE PREPARATION FOR TEM
Specimen preparation is one of the most important factors that prevents the

generation of high-resolution 3-D TEM-reconstructions, and requires a highly purified
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solution of protein (Bai, McMullan, and Scheres 2015; Smith 2008). The low molecular
weight atoms in biological molecules scatter electrons from the TEM weakly leading to
low contrast between the protein and its surrounding environment on the TEM-grid
(Burrows and Penn 2013). Consequently, numerous strategies have been implemented
to increase the contrast in TEM images of proteins such as heavy-atom staining,
defocusing of the microscope or a combination of both (Burrows and Penn 2013; De
Carlo and Harris 2011). These strategies are necessary for the visualization of proteins
under the TEM and allow for subsequent data-processing to generate 3-D
reconstructions.
Ultimately, the goal for sample preparation is to preserve the structural integrity
of the protein in its native state. This can be a difficult task as the electrons from the
TEM also interact with “air” molecules and require that the microscope be kept under
high vacuum during imaging (Bai, McMullan, and Scheres 2015).

In addition, the

potential radiation damage from the TEM electrons require that proteins be fixed either
by freezing in vitreous ice, using heavy-atom stains, chemical crosslinking and other
various techniques (Thompson et al. 2016). Currently the most common methods of
fixation are freezing the protein in vitreous ice and heavy-atom staining (Dubochet et al.
1988; Frank 2016; Zhao and Craig 2003).
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Figure 2.2 Cryo-EM vs Negative Stain-EM Contrast Comparison a) Cryo-EM micrograph
of the human mitochondrial hsp60 imaged under UTEP’s JEOL-3200FS TEM by
Dr. Sudheer Molugu. The low-contrast makes hsp60 particles difficult to visualize
against the background. b) Negative stain-EM micrograph of the human
mitochondrial hsp60 imaged by Dr. Ricardo Bernal. The high-contrast images
allow for easy visualization of the hsp60 particles.

2.3.1 Cryo-Electron Microscopy
Cryo-electron microscopy (Cryo-EM) is a technique in which the protein sample
is quickly vitrified in an aqueous buffer by rapidly plunging it into liquid ethane
maintained at liquid nitrogen temperatures (Llorca 2005). The rapid freezing ensures
the formation of vitreous ice that reinforces the structural integrity of the protein from
potential damage during TEM imaging (De Carlo et al. 2002). Formation of vitreous ice
is favored over crystalline ice that has the capability to diffract electrons, consequently
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degrading image quality (Thompson et al. 2016). The technique of Cryo-EM does not
require the protein to be stained; however, the resulting image contains extremely low
contrast between the protein and its aqueous environment (De Carlo et al. 2002). Due
to the high-resolution detail offered from cryo-EM, specifically the interior features, it is
the preferred method for obtaining high-resolution TEM-reconstructions (De Carlo and
Harris 2011).

2.3.2 Negative Stain-EM
The leading alternative to cryo-EM is negative stain-EM that utilizes heavy atom
stains such as uranyl acetate, ammonium molybdate, and methylamine tungstate to
increase the contrast between the protein and its background (Frank and Ebrary 2006).
Negative stain images contain high-contrast leading to easier identification of the
sample in the micrograph (De Carlo et al. 2002). The principle behind negative staining
comprises of immersing the protein in an aqueous salt solution that when dried leaves
behind a dried “cast” of the protein (Harris 2015; Nogales 2016). The salt ions in the
stain replace the water molecules that hydrate the protein and protect it from the
radiation and vacuum damaging effects because the observed particle is of the dried
“cast” and not the actual protein (Nogales 2016).
There are many advantages to negative stain-EM including; high-contrast
images, minimal grid preparation time, and longevity of the sample that allows for reimaging. These have made negative stain a staple in biological EM-analysis (Llorca
2005). An important advantage of negative stain-EM over cryo-EM is the high contrast
images produced that allow for easy determination of protein purity, conformational
orientations and assessment of data-quality for generating 3-D reconstructions (Booth,
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Avila-Sakar, and Cheng 2011).

The thickness of the stain surrounding the macro-

molecule creates a boundary between the weakly scattering biological sample and the
strongly scattered heavy atom electrons (Nogales 2016). If staining is not carefully
performed, the thickness of the stain and dehydration of the protein can lead to
distortions such as flattening of the protein structure (Frank and Ebrary 2006).
Independent of the fixation technique utilized, factors such as pH, ionic strength of the
buffer, and sample concentration must also be optimized (Harris 2015).
The resolution obtained from negative stain-EM reconstructions is generally
lower than cryo-EM reconstructions and are usually around 20 Å (Fabre et al. 2017;
Sawicka et al. 2016). However, with the recent advances in EM image processing,
negative stain-EM reconstructions have reached substantially higher-resolutions, such
as the 11.5 Å structure of a membrane pore complex shown below in figure 2.3 (Durand
et al. 2015). The large increase in resolution allows for a more reliable fitting of crystal
structures into negative stain EM-reconstructions.
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Figure 2.3 Examples of Recent Negative Stain-EM 3-D Reconstructions a) Side view
from the 2016 reconstruction of the Checkpoint kinase Tel1 at 22.7 Å resolution
(EMD-4095), in addition to a vertical slice through Tel1 illustrating the poor
resolvability of the interior features. b) Side view from the 2015 reconstruction of
a type 6 secretion system membrane pore complex at 11.5 Å resolution. A vertical
slice depicts more resolvable interior features than in “a” but still very poor (EMD2927). c) 2017 reconstruction of the E. coli maltose transporter solved to 18.8 Å
resolution that also has un-resolvable interior features (EMD-8525).

2.4

NEGATIVE STAIN SINGLE PARTICLE DATA ANALYSIS
Single particle analysis refers to interpreting the proteins observed in the

micrographs as single particles that are 2-D projections of their respective 3-D
structures (Frank and Ebrary 2006).

The objective is to assemble the 2-D single

particles into a 3-D reconstruction that’s representative of the original protein structure,
a process that is highly dependent on the power of averaging (Frank 2009). Multiple
soft-ware packages including EMAN2 and RELION2 are now publicly available for the
processing of EM-data into 3-D reconstructions (Scheres 2012; Tang et al. 2007). The
individual soft-ware packages are superior at individual tasks and in combination have
produced atomic resolution structures such as the 2.2 Å EM-reconstruction of βgalactosidase produced by the Subramaniam lab at NIH (Bartesaghi et al. 2015).
EMAN2 was the software that was utilized for the majority of my data EMreconstructions; however, RELION2 played a pivotal role in the validation of the EMAN2
data.

The process outlined in this section represents a general single particle
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reconstruction scheme and is largely based off the protocol established for EMAN2 (Bell
et al. 2016).
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Figure 2.4 General Scheme for Initial Model Generation First the particles observed in the
raw-micrographs must be extracted. This is accomplished by “boxing” the particles
that records the coordinates of the particle in the micrograph. The white boxes
indicate manual “boxing” was performed while the black and green boxes are the
“auto-boxing”. Green boxes can be observed around particles that are parts of
protein aggregates and are not usable for 3-D reconstrtuction. Thus, manual
inspection of “auto-picked” particles is still necessary. The boxed particles are
sorted into classes, averaged together and then combined into a low-resolution
initial model.

2.4.1 Particle Picking
An early step in EM image processing termed “particle-picking” involves
determining the central position (coordinates) of the particles in the micrographs and
then subsequently merging the particles into a single computer file (Bell et al. 2016).
The coordinates are identified by putting “boxes” around the particles with the center of
the box placed as closely to the center of the particles as possible. The process can be
performed manually or with the help of auto-picking algorithms that greatly reduce the
user time. However, auto-picking has its drawbacks as it requires manual inspection of
the auto-picked particles. Nevertheless, there are two important parameters of particle
picking that are essential for generating high-resolution reconstructions. The first being
accurately identifying the center of the particle and the second is the proper box size for
the particle (Bell et al. 2016). Due to the high contrast in negative stain micrographs the
macro-molecular particles are readily observed making the particle picking process less
arduous than for low contrast cryo-EM images.
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2.4.2 The Contrast Transfer Function
Due to the imperfect imaging conditions in TEM, the observed particles contain
distortions that need to be corrected before high-resolution single particle analysis (Zhu
et al. 1997). The distortions are increased when the TEM is defocused to impose
contrast in the particles, as in cryo-EM, but the effects are contained in all TEM images
and the corrections are a fundamental part of the 3-D EM-reconstruction process (Bell
et al. 2016). The contrast transfer function (CTF) of the microscope is the mathematical
representation of the contrast inducing events (Frank and Ebrary 2006). The CTF is a
sinusoidal function that varies with defocus and spatial frequency (resolution) (Zhu et al.
1997).

Without CTF correction the desired 3-D reconstruction will contain imaging

artifacts that ultimately limit the obtainable resolution for the reconstruction (Frank and
Ebrary 2006).
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Figure 2.5 Effects of Varying Defocus on the Contrast Transfer Function Figure was
adapted and modified from https://spider.wadsworth.org (Zhu et al. 1997).

As seen above the oscillatory nature of the CTF results in multiple zero-crossings
that represent missing data at distinct resolutions (Ludtke, Baldwin, and Chiu 1999).
Defocusing of the microscope causes a blurring of the particle and the extent of the
blurring is at the heart of CTF correction. To compensate for the loss of data, the
images are collected over a range of varying defocus values that slightly shifts the
phase (zero-crossing) of the CTF filling in the missing data (Ludtke, Baldwin, and Chiu
1999)(Ludtke 1999). The first step in the CTF correction is to measure the amount of
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defocus in each image, followed by a phase reversal of the function to make all the
values positive (Zhu et al. 1997).

The negative and positive values of the CTF

correspond to contrast reversals, white to black particles, and if not corrected cancel
each other out resulting in further lost data (Frank and Ebrary 2006). Therefore, even
though negative stain images are high in contrast, the images used for a 3-D
reconstruction must be collected over a range of defocus values to fill the missing gaps
in the CTF. Fortunately, much of this process is automated in EMAN2; however, the
process of CTF correction is extremely critical for the subsequent steps in single particle
analysis such as sorting and averaging of the particles.

2.4.3 Sorting and 2-D Class Averaging of Picked-Particles
The next step in the reconstruction process is to classify the orientations of the
CTF corrected particles in relation to one another. The problem arises from the fact that
EM-micrographs are inherently noisy resulting in a low signal to noise ratio (SNR) for
the observed particles (Nogales and Scheres 2015). To increase the SNR numerous
particles are averaged together to boost the signal resulting in a particle with more
discernable features (Frank 2009). To further complicate matters, the 2-D particles
assume random orientations on the EM-grid that need to be sorted and placed into
classes based on their correlation to each other (Bell et al. 2016; Sigworth 2016). The
single particle reconstruction methodology is completely dependent on the power of
averaging and requires that large numbers of particles be obtained; in some cases
hundreds of thousands to millions of particles are required for high-resolution structures
(Frank and Ebrary 2006; Nogales and Scheres 2015). Therefore powerful computers or
computer clusters are required for the processing of these large data sets and even
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then optimal averaging can be a computationally expensive process. The high-contrast
of negative stain particles gives a higher SNR than cryo-EM and results in the need for
smaller particle sets to boost the SNR to a level that allows accurate particle
classification.

2.4.4 Reconstruction of an Initial 3-D Structure from 2-D averages
Once class averages have been generated the aim is to combine them to
reconstruct the original 3-D molecule. The projection slice theorem interprets the 2-D
particles as projections of the starting 3-D molecule (Sigworth 2016). The theorem
states that the Fourier-transform of the 2-D particle represents a central slice through
the volume of the 3-D molecule in Fourier-space (Sigworth 2016). The combination of
these central slices over a large angular range enables the reconstruction of the 3-D
molecule in Fourier space (Frank and Ebrary 2006). The inverse Fourier-transform
brings the reconstructed Fourier 3-D volume back into real space rendering the 3-D
structure of the original molecule (Frank and Ebrary 2006).
The 3-D reconstruction initially generated (initial model) is usually low in
resolution due to the inaccurate placement of particles in their respective classes upon
initial sorting. The inaccuracy arises from the de-novo building of the class averages
that is referred to as reference-free class averaging (Tang et al. 2007). The lack of a
reference ensures that bias from another model is not introduced into the initial model
and subsequently the final 3-D reconstruction. Reference based particle picking and
class averaging is a very powerful technique; however, it can lead to biasing of the data
since it only picks particles that match the reference and leaves out any novel
conformations of the protein (Bell et al. 2016).
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Class averaging has multiple

advantages; it not only allows for the sorting of particles but also results in the
enhancement of the constant features of the particles and subsequently a substantial
reduction noise (Nogales and Scheres 2015).

Reference-free class averaging was

used for all the presented negative stain-EM reconstructions of the human mitochondrial
chaperonin in the subsequent chapters.

2.4.5 Iterative Refinement of a 3-D Reconstruction and Resolution Determination
The refinement of 3-D reconstructions is an iterative process and can take
numerous rounds to properly classify the particles and generate a model of high
resolution (Dutta et al. 2014).

The initial model is used to generate a set of 2-D

projections over a sufficient angular range that act as references for re-classification of
the particle-set (Sigworth 2016). The new classes are then utilized to reconstruct a
second model that is better in quality than the initial reference model. The convergence
of the data is monitored both visually and through analysis of the Fourier shell
correlation curve (FSC) (Ludtke et al. 2004).
The FSC is a function that when plotted versus resolution provides a means of
quality evaluation and resolution assessment (Penczek 2010). The FSC is computed
by randomly splitting the data in half and generating a reconstruction from each half-set;
in EMAN2 the half-sets are the even and odd numbered particles (Bell et al. 2016).
The correlation between the Fourier transforms of the even and odd reconstructions is
then measured as a function of resolution (van Heel and Schatz 2005). The FSC curve
starts out at 1 for low resolutions and then sharply declines towards 0 in a sigmoidal
fashion (Frank 2009).

This indicates that structural agreement of the data at low

resolutions is quite good while at higher (desired) resolutions the correlation is generally
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poor (Frank 2009). There are two criterions that are generally accepted; the 0.5 cut-off
that is used for low resolution reconstructions and the 0.143 cut-off that is generally for
reconstructions higher than 10 Å in resolution (van Heel and Schatz 2005).
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Figure 2.6 Resolution Determination of a 3-D EM-Reconstruction a) Reconstruction
generated from half of the particle-set from the human mitochondrial hsp60, the
“even” numbered particles. b) Reconstruction from the “odd” numbered particles.
c) The correlation of the Fourier transforms from the even and odd reconstructions
is plotted as a function of the spatial frequency (1/Å) or resolution. The curve
starts at 1 for low resolution features and then rapidly falls zero at higher
resolutions. Typically the 0.5 FSC cutoff values are used for negative stain
reconstructions.

When the final reconstruction has been achieved the last task is to validate the
data. High-resolution maps such as those higher than 5 Å in resolution provide enough
detail that they can have their C-α protein backbone traced in software such as Gorgon
and SSEHunter (Baker et al. 2010; Bell et al. 2016; Ludtke et al. 2008). Additionally,
the fitting of X-ray crystal structures into EM-reconstructions can add further validation
to the final EM-reconstruction. Although fitting is generally performed on high-resolution
structures it can still provide valuable analysis on the structural features in lower
resolution cryo- and negative stain-reconstructions (Xu and Volkmann 2015).

2.5

BIOCHEMICAL VALIDATON OF EM-RECONSTRUCTION
A modern approach to the exploration of biological macro-molecules usually

includes the combination of multiple bio-chemical techniques such as dynamic light
scattering and native gel electrophoresis that complement the results obtained from EMreconstructions (Frank 2016; Llorca et al. 1997; Molugu et al. 2016).
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2.5.1 Dynamic Light Scattering
Dynamic light scattering (DLS) is a non-invasive technique that measures the
hydro-dynamic diameter of nano-size proteins suspended in solution (Jachimska,
Wasilewska, and Adamczyk 2008). The hydrodynamic diameter is the relative size of a
protein including the surrounding shell of ordered water. The coat of water results in
proteins displaying a slightly larger size than their actual dimensions when analyzed by
DLS (Banachowicz 2006). The general theory behind DLS is light emitted from a laser
source interacts with protein particles in solution that scatter the incoming light. The
fluctuations in the intensity of light enable the determination of a proteins size
distribution (Jachimska, Wasilewska, and Adamczyk 2008). The size distribution of the
protein is known as the polydispersity index (PDI) and indicates the degree of
conformational heterogeneity exhibited by a protein.

DLS measurements are very

accurate and have previously been utilized to characterize chaperonin complexes
(Molugu et al. 2016; Vilasi et al. 2014). Therefore, DLS was utilized in this study to
characterize the sizes of the various complexes formed by the human mitochondrial
chaperonin.

2.5.2 Native Gel Electrophoresis
Poly-acrylamide gels have long been used to separate and determine the sizes
of protein complexes in both denaturing (SDS) and non-denaturing (Native) conditions
(Li et al. 2014).

Native gels have been utilized to identify the conformational

intermediates in groEL/ES, thus I also capitalized on this technique to characterize the
human mitochondrial chaperonin (Llorca et al. 1997).
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Chapter 3: Purification and Characterization of APO-hsp60
3.1

INTRODUCTION
In this chapter I present the bacterial expression and high-resolution purification

of fully assembled recombinant hsp60 and hsp10 proteins.

Successful bacterial

expression of fully assembled and functional hsp60/10 chaperonin complex is likely due
to the evolutionary relationship and similarity of mitochondria to bacteria. Hsp60 forms
a stable tetradecameric double-ring conformation in the absence of co-chaperonin and
nucleotide.

Evidence of the stable double-ring conformation is illustrated by the

negative stain electron microscopy reconstruction presented here. Furthermore, our
biochemical analyses reveal that the presence of a non-native substrate initiates ATPhydrolysis within the hsp60/10 chaperonin to commence protein folding.

Although

Hsp60 has been previously expressed in bacteria (Vilasi et al. 2014), the reported
protein was in a dynamic equilibrium between double and single ring conformations.
Our bacterial purification yields mostly the tetradecameric conformation of hsp60 with
very few monomers or single-ring conformations. Thus, our technique serves as a
reliable method for the large-scale production of homogenous hsp60 and hsp10
recombinant proteins.

3.2

EXPRESSION AND PURIFICATION OF RECOMBINANT HSP60 AND HSP10 PROTEINS
The genes encoding the full-length wild type hsp60 (HSPD1) and hsp10 (HSPE1)

proteins (with and without His6 tags) were cloned into the pET-30a expression vector
system (EMD-Millipore, formally Novagen). The recombinant proteins were expressed
in BL21 (DE3) E. coli cells (Invitrogen). Bacterial cells were cultured in 2xTY medium at
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37°C for 4 hours until their density reached an absorbance between 0.6 and 0.8 at 600
nm.

Protein

expression

was

induced

with

thiogalactopyranoside) at 30°C for an additional 4 hours.

IPTG

(isopropyl-beta-D-

Cells were harvested by

centrifugation at 5,000 xg for 30 minutes and lysed in 50 mM HEPES pH 7.5, 50 mM
EDTA, 0.02% NaN3, in conjunction with treatment with hen egg white lysozyme (Sigma)
and multiple freeze/thaw cycles. Lysates were treated with porcine liver DNase (Sigma)
and 100 mM MgCl2.

Saturated ammonium sulfate was then added to a final

concentration of 50% (v/v), and the mixtures were incubated for one hour at 4°C. To
purify the hsp60 and hsp10 proteins independently the ammonium sulfate precipitants
were harvested by centrifugation and re-suspended in Buffer A (100 mM HEPES pH
7.5, 100 mM NaCl).

A 500 μL aliquot of hsp60 resuspension was diluted ten-fold

against buffer A and loaded onto a Q-Sepharose 26/10 High Performance anionexchange column that was pre-equilibrated with Buffer A and fractionated over a 0.1 M
to 1 M NaCl linear gradient. Hsp60 eluted from the Q-Sepharose between 0.35 M and
0.45 M NaCl. The elutions of hsp60 protein were then concentrated using a Vivaspin
centrifugal concentrator with a 10 kDa molecular weight cut-off and loaded onto a
Superose 6 size-exclusion column that was pre-equilibrated with Buffer A. Similarly,
500 µL of hsp10 resuspension was diluted ten-fold in Buffer A and was loaded onto a QSepharose anion exchange column. In contrast to hsp60, hsp10 was unable to bind to
the Q-Sepharose and was found in the flow-through. The flow through was
subsequently precipitated using 50 % (m/v) ammonium sulfate and re-suspended in
Buffer A. The re-suspended hsp10 protein was then loaded on a Mono S 5/50 GL
cation exchange column equilibrated with Buffer A and fractionated over a 0.1 M to 1 M
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NaCl linear gradient. Hsp10 eluted from the Mono-S column in the range of 0.5 M to
0.6 M NaCl.

Sample homogeneity and the concentrations of both proteins were

analyzed by 15 % SDS-PAGE and bicinchoninic acid (BCA) protein assay, respectively.
The approximate size of the oligomeric hsp60 complex was identified on a 5 % native
polyacrylamide gel using β-galactosidase (Sigma) as a size control.
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Figure 3.1 Recombinant hsp60 Protein Purity and Size Determination a) 15 % SDS-Gel
depicting the purity and monomeric sizes of recombinant hsp60 and hsp10
proteins. Hsp10 runs anomalously due to the presence of a His6 Tag. b) 5 %
Native-Gel showing the purity and oligomeric size of the APO-hsp60 protein and βgalactosidase protein (Sigma). c) Dynamic Light Scattering (DLS) of APO-hsp60
(blue curve), 22.11 nm (PDI= 0.209); β-galactosidase (red curve), 18.76 nm (PDI=
0.346)

3.3

SIZE DETERMINATION OF HSP60
To determine the relative size of the purified hsp60 protein in its nucleotide and

substrate free (APO) conformation we utilized dynamic light scattering (DLS), native gel
electrophoresis, and negative stain electron microscopy.

3.3.1 Dynamic Light Scattering
Dynamic light scattering (DLS) experiments were performed on the Malvern
Zetasizer Nano-S instrument operated at 25°C.

Purified APO-hsp60 and β-

galactosidase (Sigma) were both diluted to a concentration of 0.25 mg/mL in Buffer A.
A dust free disposable sizing cuvette was filled to 1.5 mL with the corresponding protein
solution and measurements were taken every 3 seconds until 100 measurements were
completed. The 100 measurements were averaged together to give a highly
reproducible plot that more accurately identifies the hydrodynamic radius of the APO
hsp60.
Aside from knowing that single and double-ring intermediates are part of the
mitochondrial chaperonin protein folding pathway, the exact conditions that induce
these oligomeric states are poorly understood. On the contrary, the APO conformations
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of the groEL and the φ-EL chaperonins are characterized as double-ring, tetradecameric complexes with approximate masses of 800 and 840 kDa, respectively 15,
45. Dynamic light scattering (DLS) measurements showed that our purified hsp60 had
a hydrodynamic diameter of 22 nm with a polydispersity index (PDI) of 0.209 (Figure 1).
β-galactosidase protein (Sigma) was used as a control for our DLS measurements since
it also forms a large oligomeric complex that has an approximate mass of 464 kDa, and
indicates whether APO-hsp60 is in a tetradecameric or heptameric conformation. βgalactosidase protein displayed a smaller size of 18.8 nm and a PDI of 0.346 under our
DLS experimental conditions.

3.3.2 Native Gel Electrophoresis
Native polyacrylamide gel electrophoresis can be used on non-denatured
proteins and protein complexes to determine sample purity, heterogeneity, and the
relative mass of native proteins and protein complexes. Electrophoresis was performed
on a 5% hand-cast polyacrylamide native gel lacking detergent.

hsp60 and β-

galactosidase (Sigma) protein samples were diluted in gel loading buffer containing
0.2M Tris-HCl pH 6.8, 40% glycerol, and 0.02% (m/v) Bromophenol Blue.
Electrophoresis was performed at 150V constant voltage for 90 minutes using a BioRad Mini-PROTEAN Tetra Vertical Electrophoresis Cell. Gel staining was performed
using 0.1% (m/v) Coomassie Brilliant Blue, 5% acetic acid, and 40% ethanol. Gels
were de-stained using the same staining conditions minus Coomassie Brilliant Blue.
The results of our native gel show only one discernable protein band for hsp60
with no detectable bands corresponding to contaminants, single-rings or other
oligomeric hsp60 complexes. The β-galactosidase protein is also well resolved as a
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single dominant band that is significantly lower in the gel than the APO-hsp60 protein
band seen in Figure 1. The concentrations of the hsp60 and β-galactosidase proteins in
the native gel are approximately 7.5 µM and 4 µM, respectively.

3.3.3 Negative Stain-EM
Negatively stained grids were prepared by applying 0.2 mg/mL of purified human
mitochondrial APO-hsp60 (with and without equimolar hsp10) to continuous carbon film
on 400-mesh copper grids that were glow discharged for 30 seconds. The excess
protein solution was blotted using Whatman-1 filter paper and subsequent staining of
the grids was done using 2% methylamine tungstate and 2% uranyl acetate.

47

Figure 3.2 Electron Micrographs of hsp60 and groEL a) Negative stain electron
micrograph showing APO-Hsp60 side views (blue box), hsp60 top views (green
box), and hsp10 heptamers (red box). The particle contrast was inverted using
EMAN2 so that the particles appear white on a dark background. b) Cryo-EM
micrographs showing groEL side views (blue box), and groEL top views (green
box). Figure was adapted and modified from Elad et al. 2007

Under the electron microscope hsp60 displayed multiple confirmations that were
both analogous and novel compared to the APO conformation of groEL (Figure 2) (Elad
et al. 2007). The observed hsp60 particle orientations consisted of circular particles that
displayed a 7-fold rotational subunit organization and rectangular particles that have
four parallel striations as seen in the negative stain micrographs. Rectangular particles
that consisted of two parallel striations were also observed; however, these particles
were scarce and constituted less than 1 % of the total particle count. Additionally, we
were able to identify heptameric hsp10 rings that were not associated with hsp60.

3.4

ATPase Activity Assay
Before proceeding to structural work, the purified hsp60 and hsp10 proteins were

tested for protein folding activity using the EnzChek Phosphatase Assay Kit (Molecular
Probes, Leiden, The Netherlands) that measures inorganic phosphate released from
enzymatic reactions through a spectrophotometric detection method.

Reaction

conditions recommended by the company were modified to accommodate the activity of
our chaperonin.

Purified hsp60 and hsp10 were incubated in the presence and

absence of denatured α-lactalbumin supplemented with ATP to determine if the
denatured substrate initiated ATP hydrolysis in the hsp60/10 chaperonin as has been
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reported with other single-ring chaperonins (Molugu et al. 2016). ATP and MgCl2 were
added to a final concentration of 200 µM. The final concentration of hsp60 in solution
was 1 µM in a 200 µL reaction. Hsp10 was added at twice molar concentration of
hsp60 in both the positive and negative control reactions (2:1 molar ratio). The nonnative protein substrate for hsp60/10 was denatured α-lactalbumin that was denatured
by the addition of EDTA to chelate bound Ca2+ and 50 mM DTT to reduce disulfide
bonds.

The mixture was heated to 98°C and allowed to cool before a 10-minute

incubation period with the reaction mixture (200 µM MESG, 0.2 U Purine Nucleoside
Phosphorylase (PNPase), Buffer A). A continuous colorimetric reading at 360 nm was
initiated immediately after a mixture containing hsp60 and hsp10 were rapidly added to
the reaction mixture.
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Figure 3.3 ENZCHEK ATPase Assay of Recombinant Human Mitochondrial hsp60 and
hsp10 a) Purified hsp60 and hsp10 in the presence of α-lactalbumin at 40 µM and
60 µM concentrations, and in the absence of α-lactalbumin. The rise in
absorbance for hsp60/10 without denatured α-lactalbumin can be attributed to selfhydrolysis of ATP over the time interval of the reaction.

The enzymatic hydrolysis of ATP by hsp60 results in the release of inorganic
phosphate that is then utilized by PNPase to convert 2-amino-6-mercapto7methylpurine riboside (MESG) to ribose 1-phosphate and 2-amino-6-mercapto7methylpurine, which has an absorbance that can be monitored at 360nm.

In the

absence of substrate (Figure 3), hsp60/10 was unable to hydrolyze ATP and was
dependent on the addition of non-native protein to stimulate ATPase activity.

3.5

3-D NEGATIVE STAIN RECONSTRUCTION OF APO-HSP60
The negative stain data set was collected on a JEOL 3200FS transmission

electron microscope operated at 300 kV. CCD images were collected between 0.3-2.5
µm under-focus and at a magnification of 138,000X. The pixel size calculated for the
dataset was 1.09 Å/pixel.

Processing of the micrographs was performed using the

single particle analysis software “EMAN2” (Tang et al. 2007). Particle selection was
performed using the “e2boxer.py” program provided in the EMAN2 software package. A
total of 2291 particles were picked from the micrographs. Following particle selection,
CTF correction was performed using EMAN2’s automated CTF fitting and the data was
subsequently downsized by a factor of 2 using “e2ctf.py”. The downsized particles were
then low pass and high pass filtered to 5 Å and 100 Å resolutions, respectively, using
“e2ctf.py”, and then grouped according to their orientations and averaged together using
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the “e2refine2d.py” program to generate initial reference free class averages.

The

nicest class averages were then combined using the “e2initialmodel.py” program to
reconstruct initial low-resolution 3-D models of the human mitochondrial hsp60 in the
APO conformation. The program “e2refinemulti.py” was used to separate the particles
into two separate data-sets. Finally, single map iterative refinements were performed
using the two-individual data-sets using “e2refine_easy.py”. The iterative refinement
process was continued until no further improvement in resolution occurred according to
the Fourier Shell Correlation (FSC) curve.
reconstruction.

1215 particles were used for the final

The 3-D reconstructions were visualized using the UCSF-Chimera

software package (Pettersen et al. 2004). Docking of the hsp60 crystal subunit (PDB
4PJ1) was performed using Chimera (Nisemblat et al. 2015).

51

Figure 3.4 Initial Model of the Human Mitochondrial APO-hsp60 a) Electron micrograph
of APO-hsp60 in the absence of Hsp10. Blue boxes encase hsp60 side-views and
green boxes encase top-views. b) APO-hsp60 particles picked from the data set
represented by the micrographs in “a” c) Reference free initial class averages of
the hsp60 particles picked from the micrographs referenced in “b”. d) Hsp60 Initial
model generated from the reference free class averages
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The individual APO-hsp60 particles were picked from the negative stain
micrographs using EMAN2 and were combined to generate a low resolution initial
model of Hsp60 (Figure 3.4), that was iteratively refined until convergence (Figure 3.5).
Due to the observation of single-ring and double-ring side views in the micrographs, the
particles were split into two data-sets using EMAN2’s version of multi-refine.

One of

the two data-sets contained all the double-ring side views, while the other data-set
consisted of circular particles that were presumed to be single-rings. After the data was
split, the double-ring particles were then used for a single map refinement that
generated the structure. The measured resolution from the FSC curve is approximately
14 Å at the 0.143 cut-off and 15 Å at the 0.5 cut-off, which is sufficient to resolve all
three domains of the hsp60 subunit. The dimensions of the reconstruction are 136 Å in
diameter perpendicular to the 7-fold axis and 146 Å parallel to the long axis. A central
slice perpendicular to the 7-fold axis reveals a planar equatorial domain connecting the
two rings, while a central slice parallel to the 7-fold axis shows the protein folding
cavities and the inter-ring space in the hsp60 tetradecamer. The inter-ring subunits are
arranged in a staggered (1:2) conformation that allows each hsp60 subunit to contact
two subunits in the opposite ring.

The top-view of hsp60 consisted of 7 radially

arranged subunits that contacted each other at the apical domains. The features in the
apical domains are well resolved at this resolution and feature a continuous collar of
density connecting the apical domains. At a high iso-surface threshold tubular densities
are observed, however, the connections between subunits appear broken (Figure 3.5).
While at a lower threshold, the tubular features are less resolved, but additional features
such as an intra-ring subunit contact connecting the intermediate domain with the apical
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domain of the neighboring subunit can be better observed. An additional feature seen
at a low iso-surface threshold is a contact connecting the equatorial and apical domain
of the same subunit could be visualized.

The presented iso-surface threshold was

chosen as the best display of all the structural elements resolved in the reconstruction.

Figure 3.5 Comparison of Two Iso-Surface Thresholds of the APO-hsp60 EMReconstruction a) Side view of the hsp60 reconstruction at a high iso-surface
threshold. At high a threshold tubular densities can be observed but densities
corresponding to intra- and inter-ring contacts appear broken. b) The hsp60
reconstruction visualized at a lower iso-surface threshold. At a lower threshold,
contacts between subunits are better resolved

EMAN2 multi-refinement produced a second reconstruction from the presumed
single-rings in the micrographs. The particles that consisted of two-parallel striations
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were discarded during particle classification possibly due to their low percentage, or the
particles may have been damaged hsp60 double rings that fell apart due to the negative
stain preparation. The lack of presumable single-ring side views in the micrographs led
to a reconstruction that did not resemble a chaperonin; therefore, the data was no
longer used for any additional refinements.

3.6

ANALYSIS OF THE APO-HSP60 RESULTS
Initially, the hsp60 and hsp10 constructs were designed and expressed with His6

tags to facilitate high yield purification via affinity column chromatography. Hsp60-His6
was found to bind to a HisTrap Ni-NTA column with notable affinity.

However,

subsequent size-exclusion chromatography revealed that the hsp60-His6 protein did not
assemble into an oligomeric quaternary structure required for functionality and was
instead all monomers leading to the hypothesis that the His 6 tag was likely preventing
complex formation. Hsp60 was therefore subsequently cloned and expressed without
the His6 affinity tag and was found to self-assemble within the bacterial cells into a
functional tetradecameric structure. Hsp10 was also expressed with a His 6 affinity tag
but failed to bind to the HisTrap column. The His6 tag was likely inaccessible and did
not bind to the Ni-NTA medium. The hsp10 protein was expressed and purified through
other chromatographic methods without the use of the His 6 affinity tag. Despite Hsp60His6 producing only monomers, hsp10-His6 was able to assemble in to heptameric
rings as observed in the negative stain electron micrographs indicating that the His6 tag
had no effect on hsp10 quaternary structure. It has been shown previously that purified
hsp60 and hsp10 monomers require a pre-existing hsp60/10 complex for assembly into
their final quaternary structures (Cheng, Hartl, and Horwich 1990). Our results suggest
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that either no pre-existing chaperonin is required for assembling hsp60 or that the
groEL/ES chaperonin from the BL21 E. coli cell line may be responsible in assisting the
formation of the assembled hsp60 and hsp10 complexes that were purified.
An early investigation into the wild-type hsp60 protein revealed its ability to
function as a single toroidal ring (Viitanen et al. 1992). The authors in this study utilized
an ATP-agarose column to purify mature-hsp60 with the bound protein being eluted
upon the addition of 3 mM ATP. Therefore, it is plausible that the observed hsp60
single-ring may have been a nucleotide induced conformation and is not reminiscent of
APO-hsp60. More recent structural investigations into the D3G and E321K maturehsp60 mutant proteins utilized His-tags to purify hsp60 from bacterial cells (Nisemblat et
al. 2014; Nisemblat et al. 2015; Parnas et al. 2009). However, following hsp60 protein
purification the His-tags were removed prior to in-vitro reconstitution of the oligomeric
complexes for structural analysis.

This was presumably done to avoid interference of

the affinity tag during complex formation. An alternative structural investigation into the
naïve-hsp60 protein that was expressed in bacterial cells utilized His-tagged hsp60
proteins that exhibited a dynamic equilibrium between tetradecameric and heptameric
complexes at all concentrations assayed (Vilasi et al. 2014). Our results indicate that
the removal of the His6 tag from our recombinant, bacterially expressed hsp60 protein
allowed for the formation of a stable double-ring conformation with minimal traces of
monomeric and single-ring hsp60.
DLS on the purified hsp60 protein verified that the removal of the His6 tag led to
the formation of hsp60 as an oligomeric complex. The resulting hydrodynamic diameter
of 22 nm for hsp60 was larger than the 18.8 nm diameter determined for β-
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Galactosidase.

The resulting differences in size indicated that our hsp60 forms a

substantially larger complex than the complex formed by β-galactosidase.

The

hydrodynamic diameter determined for our naïve-hsp60 coincides well with previously
published DLS results (Vilasi et al. 2014).
Further analysis of the size of APO-hsp60 was performed using native gel
electrophoresis. Like with DLS, we compared the size of the APO-hsp60 oligomeric
complex to the β-galactosidase complex. The physiologically active β-galactosidase
protein forms a homo-tetrameric complex with an approximate mass of 465 kDa 51.
The corresponding protein band to the β-galactosidase complex appeared much lower
on the gel than the protein band for hsp60, suggesting that APO-hsp60 was not in the
single-ring conformation that is similar in mass to the β-galactosidase tetramer.
To determine if our purified hsp60/10 chaperonin was biologically active, we
monitored ATPase activity in the absence and presence of denatured α-lactalbumin.
We found that the hsp60/10 ATPase activity is completely dependent on the presence
of denatured substrate.

The dependence on substrate for ATPase activity likely

represents a physiological “safety” mechanism built into the chaperonin preventing
unwanted ATP hydrolysis while the chaperonin is not productively folding substrate
protein. Recent studies in groEL have proposed the symmetric groEL/ES “football”
intermediate to be the pre-dominant protein folding species and have also reported the
dependence groEL/ES’s ATPase activity to initiate the conformational switch from the
asymmetric “bullet” to the symmetric “football” shaped complexes (Fei et al. 2014; Ye
and Lorimer 2013).

Additionally, the recently identified chaperonin from the

Pseudomonas φ-EL also displays substrate dependence for initiation of its protein
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folding mechanism (Molugu et al. 2016). Thus, it seems likely that substrate triggered
ATP hydrolysis reflects an evolutionary conserved feature in all chaperonins.
Furthermore, in the presence of large substrates such as denatured β-galactosidase
(116 kDa), the two rings forming the tetradecameric conformation of the φ-EL
chaperonin can dissociate into two heptameric single-rings that more than double the
internal volume of the protein folding chambers.

Both groEL/ES and the φ-EL

chaperonin require ATP binding and hydrolysis to induce allosteric changes that
ultimately enable their protein folding abilities. The ATPase activity of hsp60 indicates
that this chaperonin is biologically active and is presumably transitioning through its
various conformational intermediates during its folding of denatured α-lactalbumin.
These results confirm that the human mitochondrial chaperonin is indeed dependent on
the presence of non-native substrate to trigger ATPase activity and presumably protein
folding activity.

Further investigations are warranted to further understand how

substrate-triggered ATP hydrolysis in the mitochondrial chaperonin affects the overall 3D architecture.
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Figure 3.6 Iso-surface representation of the Human Mitochondrial APO-hsp60
Reconstruction a) Top view depicting the 7-fold arrangement of the hsp60
subunits. b) The equatorial domains of the Hsp60 tetradecamer. c) Side-view
orthogonal to the 7-fold axis showing the two heptameric rings that make-up the
hsp60 tetradecamer. d) Slab view displaying the interior of the tetradecamer and
the inter-ring space. e) Fourier Shell Correlation (FSC) curve used to determine
the resolution of the Hsp60 reconstruction at the 0.5 cutoff= 15 Å resolution, and
the 0.143 cutoff= 14 Å resolution. The FSC curve shows that the data used for the
reconstruction is self-consistent

Published purification methods have shown instability of hsp60 tetradecameric
complexes at low temperatures such as 4°C and dilute protein concentrations (LevyRimler et al. 2001; Parnas et al. 2009; Viitanen et al. 1998). These previous hsp60
purifications were performed at room temperature to avoid oligomeric dissociation. Our
ability to purify APO-hsp60 at 4°C and its subsequent imaging under the electron
microscope in dilute concentrations further confirms the stability of our recombinant
hsp60 protein. The imaging of the homogeneous APO-hsp60 complex using negative
stain electron microscopy revealed the oligomeric assembly of hsp60 to be in a doublering tetradecameric conformation that was unable to bind its co-chaperonin hsp10 in the
absence of nucleotide. This is confirmed in the reconstruction that clearly shows the
apical domains of hsp60 are in the closed conformation and incapable of binding
substrate or Hsp10; features that are also observed in groEL (Clare et al. 2012). The 3D reconstruction was generated using D7 symmetry indicating both rings are in the
same conformational state.

The approximate dimensions of the APO-hsp60

reconstruction showed that it has a diameter of about 136 Å perpendicular to the 7-fold
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axis and about 146 Å parallel to the long axis of the particle, which coincide very well
the dimensions of APO-groEL and the recently published crystal structure of the E321K
hsp60 mutant (Braig et al. 1994; Nisemblat et al. 2015).
The ability to generate a 3-D reconstruction demonstrates the purity and
conformational stability of our APO-hsp60 due to the fact that the single particle
reconstruction method is highly dependent on the power of averaging (Frank 2009).
Therefore, the features that are seen in the reconstruction are the resulting average of
the constant features of all the particles included. The discernable features of negative
stain reconstructions is usually limited to around 20 Å and is largely affected by the stain
used (Ohi et al. 2004). Our combination of uranyl acetate and methylamine tungstate
allowed for an intermediate resolution reconstruction with readily observable internal
structural features. Fitting of the crystal subunit of the mature hsp60 protein provides
evidence that the particles used for the reconstruction were not distorted by the
negative stain conditions. An extra region of density is seen in the equatorial domain of
our EM-reconstruction, where the C- and N-termini of hsp60 can be located in the
crystal subunit. The region of unfitted density in our map is near the termini of the
crystal subunit and is likely the mitochondrial targeting sequence of naïve hsp60.
Another more obvious difference between the two structures can be seen in the apical
domains. The differences can be attributed to the different conformations of the two
structures. In the crystal structure, the hsp60/10 complex was formed by the addition of
ATP, whereas our structure is of the co-chaperonin and nucleotide free hsp60.

In

groEL, the binding of nucleotide induces an elevation of the apical domains that allow
the binding of co-chaperonin (Ranson et al. 2006). The structural differences observed
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between the APO-hsp60 and ATP-hsp60/10 structures are likely due to the nucleotide
induced allosteric changes. The EM-reconstruction and ATPase assays provide strong
evidence that the mitochondrial targeting sequence retained in the naïve hsp60 protein
does not affect the overall oligomeric structure or its protein folding activity.
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Figure 3.7 Fitting of ATP-hsp60/10 crystal structure into APO-hsp60 EM-Reconstruction
a) Side view depicting the fitting between the crystal subunit (4PJ1) and the full
hsp60 EM-reconstruction. b) A single subunit showing the crystal subunit docked
into the EM-hsp60 subunit. The apical domain of the X-ray structure is in the ATP
conformation and is therefore outside of the APO conformation density of the
reconstruction. c) The subunit seen in “b” was rotated 180° and shows
differences between the two maps. d) Side view of the APO-hsp60 reconstruction
showing the inter-ring subunit arrangement. The crystal subunit was adapted and
modified from the 4PJ1 PDB structure

The mitochondrial chaperonin is reported to operate via a one-stroke mechanism
that suggests a loss of negative co-operativity between the two rings (Nielsen and
Cowan 1998; Viitanen et al. 1992). In groEL the subunits are arranged in an out-ofregister (staggered) fashion with each monomeric subunit directly contacting two other
subunits in the opposite ring (Braig et al. 1994). This out-of-register inter-ring contact is
directly responsible for the negative co-operativity between the two rings leading to the
groEL characteristic double stroke protein folding mechanism (Sewell et al. 2004). As in
groEL, APO-hsp60 also displays an out-of-register inter-ring subunit organization with
each hsp60 subunit directly contacting two adjacent subunits in the opposite ring. The
out-of-register subunit organization between the two hsp60 rings was first described in
the mutant E321K crystal structure that showed each subunit directly contacts two
subunits in the opposite ring.

In addition, the contact surface area between the two

rings in the E321K mutant is twice as extensive to that seen in groEL, and was
proposed that the enlarged contact surface may add stability to the oligomeric
complexes of the mitochondrial chaperonin (Nisemblat et al. 2015). The extensive inter63

ring contacts in the E321K structure could not be observed in our reconstruction. There
are a few possibilities for this observation. First, the resolution of our reconstruction
might not be adequate to distinguish all the inter-ring contacts in the hsp60
tetradecamer.

Second, our EM-reconstruction and the crystal structure are in

completely different oligomeric conformations and the extensive contact interface may
be a feature that is only present in the hsp60/10/ATP complex.

Third, since the

hsp60/10 chaperonin structure is dynamic the structural differences may be attributed to
constraints on the proteins during crystallization, therefore, the enlarged contact surface
may be an artifact induced during crystallization of the mutant hsp60. High resolution
crystal or cryo-EM structures are needed to shed light on the nature of the inter-ring
contacts of the wild-type hsp60/10 complexes. It is possible that the additional ring
contacts reported for hsp60 may allow for the transmittance of unique allosteric signals
between the two hsp60 rings leading to the one-stroke mechanism that has been
reported for the mitochondrial chaperonin (Nielsen and Cowan 1998; Nielsen et al.
1999; Nisemblat et al. 2015).
As mentioned previously, the mitochondrial chaperonin operates via a one-stroke
protein folding mechanism that relies on the formation of single-ring intermediates. The
single-ring φ-EL chaperonin displays an in-register inter-ring subunit organization and
positive co-operative inter-ring ATPase activity leading to a one-stroke protein folding
mechanism (Molugu et al. 2016). The combination of these two features allows the φEL chaperonin to dissociate from a tetradecameric double-ring into two heptameric
single-rings, similar to what is reported for the mitochondrial chaperonin. It is interesting
to observe the out-of-register inter-ring contacts in hsp60 despite its ability to function as
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a single-ring. Even though hsp60 was initially reported to function as a single-ring, it is
now clear that both single and double-ring intermediates are physiological intermediates
in the hsp60/10 chaperonin protein folding cycle (Levy-Rimler et al. 2001; Nisemblat et
al. 2015). The unique structural features present in the φ-EL and the mitochondrial
chaperonins that allow the use of double and single-ring intermediates reinforces the
notion for that a third group of chaperonins is necessary for classifying single-ring
chaperonins.

Future work is necessary to elucidate how the inter-ring contact

arrangement utilized in the mitochondrial hsp60/10 system dictates the formation of
double and single-ring intermediates and if the inter-ring contacts are responsible for the
proposed one-stroke mechanism seen in the mitochondrial chaperonin (Nielsen and
Cowan 1998; Nielsen et al. 1999).
Collectively, these data indicate that the bacterial expression and purification of
human mitochondrial naïve APO-hsp60 yields an active and stable tetradecameric
complex. The negative stain reconstruction presented here provides insight into the
conformational stability of the hsp60 tetradecamer and represents the first structure of
the unaltered wild-type human mitochondrial hsp60.

Moreover, these results

corroborate previous studies suggesting the use of double and single-ring intermediates
in the protein folding pathway of various chaperonins, emphasizing the necessity for a
third group of chaperonins. In conclusion, these data provide an impetus for further
structural studies to elucidate the conditions that propel the human mitochondrial
chaperonin through single- and double-ring intermediates along the protein folding
cycle.
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Chapter 4: Nucleotide Induced hsp60/10 Complexes
4.1

INTRODUCTION
Chaperonins are directly dependent on the binding and hydrolysis of ATP to

trigger large structural rearrangements that result in productive protein folding (Clare et
al. 2012; Lopez, Dalton, and Frydman 2015; Molugu et al. 2016).

The structural

rearrangements observed in each group of chaperonins follow different trajectories but
ultimately achieve the same goal that is to; bind and stabilize non-native proteins,
sequester substrate inside an isolated environment, and finally release the protein back
into the cellular milieu.
The human mitochondrial chaperonin has been widely reported to operate via a
novel protein folding mechanism that utilizes a single ring intermediate; although the
exact conditions that coerce the single-ring complex have yet to be elucidated (Viitanen
et al. 1992, Neilson and Cowan 1998). Recently, a crystal structure of the E321Khsp60 protein in complex with hsp10 was reported to a resolution of 3.15 Å. The crystal
structure is of a novel “football” shaped complex that has hsp10 bound to both rings of
the hsp60 tetradecamer, an intermediate not involved in the groEL/ES mechanism.
Additionally the structure shows intra-ring asymmetry that likely plays a key role in the
human mitochondrial chaperonins unique protein folding mechanism.

Although the

E321K-hsp60 mutant displays weak ATPase activity and is unrepresentative of
physiological hsp60, the structure serves as a valid reference for the quality of my
negative stain-EM reconstructions.

In this chapter I present negative stain-EM

reconstructions of the ATP/ADP induced hsp60/10 complexes that allow for the
proposal of a protein folding scheme for the human mitochondrial chaperonin.
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Figure 4.1 X-ray Crystal Structure of the E321K hsp60/10 “Football” complex a) Side
view of the human mitochondrial hsp60/10 mutant crystal structure (PDB 4PJ1). b)
A single subunit of the hsp60/10 crystal structure.

4.2

EFFECTS OF ATP ON APO-HSP60 OLIGOMERIC STRUCTURE
The binding of ATP to groEL induces a series of conformational changes that

result in the elevation and rotation of the subunit apical domains in the cis-ring (Clare
2012). Exposed hydrophobic patches in the elevated apical domains interact with nonnative proteins followed by hsp10 to form an asymmetric complex (Roseman et al.
2001). The ATP induced conformational changes in the human mitochondrial hsp60
are less characterized as in groEL and remain largely unknown. Early negative stain
EM-studies indicated hsp60 favored a tetradecameric conformation in the presence of
ATP; however, a structure for the resulting ATP-hsp60 protein was not built (Levy67

Rimler et al. 2001).

On the other hand in-vitro reconstitution experiments that

reassembled the hsp60 tetradecamer from purified monomeric hsp60 suggested that at
low temperatures and in the presence of ATP hsp60 readily dissociated into monomers
(Viitanen et al. 1998).
To clarify the effects of ATP on hsp60, purified APO-hsp60 was incubated in the
presence 2 mM ATP at room temperature for approximately five minutes. The negative
stain grid was prepared in the same manner mentioned previously for APO-hsp60 in
chapter 3. The negative stain data set was collected in a similar manner to APO-hsp60,
using the same magnification and range of defocus values. A total of 583 particles were
picked from the micrographs using EMAN2 (Tang et al. 2007).

CTF correction,

reference-free class averaging, initial model building, and single particle reconstruction
were all performed in EMAN2 (Bell et al. 2016). 320 particles were used for the final
refined model that converged to a resolution of approximately 25 Å and was visualized
using Chimera (Pettersen et al. 2004).

Reference-free class averaging was also

performed in RELION2 to provide validation for the results obtained in EMAN2.
The ATP-hsp60 particles in the micrographs displayed top and side views similar
to APO-hsp60 and an obvious structural change was not initially observed. Referencefree class averaging shed light on the effects of ATP on the oligomeric structure of
APO-hsp60.

The class averages of ATP-hsp60 top views obtained from EMAN2

showed the same radial distribution of subunits as in APO-hsp60. However, the side
view averages indicated inter-ring asymmetry between the two rings of the ATP-hsp60
tetradecamer (Figure 4.2). This is clearly illustrated as a separation in the upper-most
striation that breaks into two separate densities.
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The final 3-D reconstruction was

generated in EMAN2 and clearly illustrates the inter-ring asymmetry observed in the
class averages.

The structural differences can be readily visualized as the apical

domains in the cis-ring have a drastically different conformation than the apical domains
of the trans-ring. The differences in the two rings leads to an asymmetric complex that
indicates nucleotide has only bound to one of the rings in the hsp60 tetradecamer;
similar to nucleotide-binding in groEL but in contrast to φ-EL (Roseman et al. 2001,
Molugu et al. 2016).
To confirm the structural changes observed in EMAN2, reference-free averages
were generated in RELION2 that has a more robust particle averaging algorithm than
EMAN2 (Scheres et al. 2012). The RELION2 averages also showed the same inter-ring
asymmetry in the ATP-hsp60 side-views as in EMAN2. However, the RELION2 ATPhsp60 top view classes showed additional intra-ring asymmetry between the radially
arranged subunits that EMAN2 could not resolve. This corroborates well with the intraring asymmetry first reported in the E321K-hsp60 crystal structure and indicates the
features in the class averages of ATP-hsp60 are likely real (Nisemblat et al. 2015).
Unfortunately, a 3-D reconstruction of ATP-hsp60 in RELION2 has yet to be generated
and the asymmetry between the intra-ring subunits awaits determination.
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Figure 4.2 Class Averaging and 3-D Reconstruction of ATP-hsp60 a) Negative stain
micrograph depicting the ATP-hsp60 particles. b) Top-view and side-view
reference free class averages from EMAN2 and RELION2. c) Top-view of the
ATP-hsp60 3-D reconstruction showing the elevated orientation of the cis-apical
domains. d) Side-view illustrating the compressed dimensions of the ATP-hsp60
negative stain-reconstruction.

70

The 3-D reconstruction from EMAN2 has dimensions of approximately 120 Å in
height and 139 Å at its widest diameter. This is quite alarming since the elevated apical
domains observed in the ATP-hsp60 reconstruction indicate an increase height in the
hsp60 tetradecamer. However, it is clear that a 16 Å compression occurred when
compared against APO-hsp60 that is 146 Å in height. The distorted dimensions of the
reconstruction indicate conformational instability in the ATP-hsp60 tetradecamer that
resulted in a flattening of the complex during negative stain-EM preparation (Frank et al.
2006). The bacterial groEL relies on the binding of groES to stabilize the elevated
conformation of the apical domains upon nucleotide binding (Xu et al. 1997).

It is

possible that the ATP-hsp60 complex is unstable in the absence of Hsp10 and thus
depends on the binding of hsp10 to stabilize the nucleotide induced hsp60
conformations. Furthermore, the structural instability of the ATP-hsp60 tetradecamer is
presumably responsible for the drastic decrease in resolution compared to the APOhsp60 reconstruction since the particles being averaged have slight conformational
differences.

Although the ATP-hsp60 particle is slightly compressed, the observed

intra- and inter-ring asymmetry in ATP-hsp60 is likely real, albeit further investigation
into the matter is necessary.

4.3

THE HSP60/10 ATP COMPLEXES
The binding of ATP to groEL results in a structural rearrangement of the cis-ring

that allows the binding of groES and leads to an asymmetric “bullet” shaped complex
(Roseman et al. 1996).

The observed inter-ring asymmetry in the ATP-hsp60

reconstruction from the previous section suggests the next intermediate along the
protein folding pathway for the mitochondrial chaperonin is likely a bullet complex as
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well. However, the proposed one-stroke mechanism for the mitochondrial chaperonin
relies on both rings simultaneously binding nucleotide and hsp10, as supported by the
crystal structure of the hsp60/10 football complex. To shed light on the matter, hsp60
was incubated in the presence of 100 mM Mg-ATP and equimolar hsp10 at room
temperature for approximately five minutes.

The resulting ATP-hsp60/10 protein

solution was blotted and imaged according to the conditions mentioned previously for
APO-hsp60.
The negative stain micrographs revealed that in the presence of ATP, hsp60/10
form a highly heterogeneous mixture of asymmetric and symmetric complexes. The
micrographs contained “bullet” and “football” shaped complexes that have hsp10 bound
to one and two rings, respectively. Symmetric football shaped complexes are not part
of the accepted groEL/ES protein folding mechanism and thus the presence of both
asymmetric (bullet) and symmetric (football) complexes is a unique feature of the
human mitochondrial chaperonin (Hayer-Hartl 2016).

4.3.1 Separating the Bullet particles from the Football particles
The ATP-hsp60/10 negative stain data-set was collected as reported previously
and was processed using EMAN2. Due to the obvious heterogeneity in the data-set a
slightly different approach was utilized to fish-out the particles corresponding to the
bullet and football complexes. The reference-free class averages that corresponded to
the side-views of the two complexes were separated and individually used to generate
two low resolution initial models (Figure 4.3).

The two models were then used as

references for EMAN2’s version of multi-refine to separate the particles into two subsets. The total data-set contained 3203 particles that were split into sub-sets containing
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1654 (bullet) and 1536 (football) particles.

Once the particles were split single

refinements were performed for both data-sets. C7 symmetry was used for the bullet
refinement due to the different conformational states of the two rings.

The bullet

reconstruction converged to a resolution of approximately 17 Å. D7 symmetry was used
for the refinement of the football complex that converged to approximately 20 Å.

73

Figure 4.3 Generation of ATP-hsp60/10 Initial Models a) Electron micrograph from the
ATP-hsp60/10 data-set. b) Class averages of the asymmetric (bullet) and
symmetric (football) ATP-hsp60 complexes. c) Hsp60/10 bullet initial model. d)
Hsp60/10 football initial model.

4.3.2 ATP-hsp60/10 bullet reconstruction
The ATP-hsp60/10 bullet complex is drastically different compared to the ATPhsp60 complex and contains Hsp10 bound to the cis-ring of the hsp60 tetradecamer.
The reconstruction was generated using c7 symmetry and the dimensions of the
reconstruction are 194 Å in height and 135 Å at its longest diameter. The total height of
the bullet is approximately 50 Å taller than APO-hsp60. Hsp10 on its own adds roughly
40 Å to the height of the complex, while the remaining 10 Å can be attributed to an
increase in elevation of the hsp60 apical domains.
These dimensions coincide well with the dimensions reported for the E321Khsp60/10 crystal structure.

Due to the comparable dimensions, the hsp60 crystal

structure was segmented so that one of the hsp10 lids was removed, and the resulting
pseudo-bullet crystal structure was docked into the EM-structure using Chimera. The
ability to dock the crystal structure provides a form of validation that the dimensions of
the negative stain EM-reconstruction are reliable.

The inter-ring asymmetry in the

crystal structure results in a 100° rotation in one of the seven subunits in each ring that
can be seen sticking out of the EM-density (Figure 4.3).

Unlike the ATP-hsp60

complex, in the presence of hsp10 the structural integrity of the resulting complex was
better preserved during the staining procedure. These results indicate in the presence
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of hsp10 and ATP, the structural integrity of hsp60 is better preserved during the
negative staining preparation.
Early reports utilizing chimeric hsp60/groEL chaperonins that could not form
double ring complexes suggested the mitochondrial chaperonin had the ability to
function without the formation of double ring intermediates (Nielson and Cowan 1998).
This led to the conclusion that the inter-ring negative cooperativity observed in groEL is
not conserved in the mitochondrial chaperonin. Thus, implying both two rings operate
independently of each other using a “one-stroke” protein folding mechanism (Nielson
and Cowan 1998). The asymmetric bullet complex in groEL/ES best represents interring negative cooperativity and is the central protein folding intermediate in the bacterial
chaepronin Xu et al. 97, Horwich 2007). The inter-ring asymmetry observed in ATPhsp60 and the hsp60/10 bullet from our negative stain reconstructions indicate inter-ring
negative cooperativity exists in the mitochondrial chaperonin, although its role in the
mitochondrial chaperonin protein folding cycle is presently unclear.
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Figure 4.4 Negative Stain-Reconstruction of the ATP-hsp60/10 Bullet Complex a) Side
view of the bullet complex illustrating the association of hsp10 to one ring of the
hsp60 tetradecamer. b) Fitting of the E321K-hsp60/10 crystal structure into the
EM-bullet reconstruction. The fitting indicates the staining procedure did not
drastically distort the hsp60/10 particles. c) Vertical slice through the bullet
reconstruction reveals the differences between the two cavities upon hsp10
binding to the cis-ring. d) Vertical slice through the bullet complex with the fitted
crystal structure displaying the overall quality of the fitting. e) Close up of the
hsp60/10 contact with the fitted crystal structure. f) A single subunit from the
crystal structure docked into a single subunit of the ATP-hsp60/10 bullet complex.

4.3.3 ATP-hsp60/10 Football Reconstruction
The symmetric ATP-hsp60/10 complex or “football” complex contains hsp10
bound to both rings of the hsp60 tetradecamer that results in a fully enclosed
chaperonin complex. The observation of a football intermediate indicates the inter-ring
negative cooperativity that led to the bullet complex has diminished sufficiently enough
to allow the binding of a second hsp10 heptamer. This is in stark contrast to groEL/ES
that depend on the binding of ATP to the trans-ring to eject substrate and co-chaperonin
form the cis-ring (Weismann et al. 1995). The presence of football complex, and lack of
a trans-ring, indicate the human mitochondrial chaperonin utilizes a different mechanism
for ejecting substrate and co-chaperonin than groEL/ES.
The hsp60/10 football reconstruction is approximately 228 Å in height that
corresponds to the addition of a second hsp10 heptamer.

The reconstruction is

approximately 15 Å in resolution and was generated using d7 symmetry. Docking of the
football crystal structure (Figure 4.4) provides evidence that the staining procedure
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didn’t have any discernable effect on the structure of the hsp60/10 football complex.
There is some missing density in the hsp10 moiety of the football complex that may be
due to the small amount of particles used for the reconstruction. One of the major
drawbacks of heterogeneous data-sets is that the total particle count is divided into
smaller sub-sets. The smaller sets have fewer particles for averaging therefore the
resulting SNR of the class averages is reduced leading to a decrease in resolution of
the final reconstruction. To overcome this issue a larger data-set must be collected.
The hsp60/10 bullet and football reconstructions presented here will act as initial models
for the larger data-set that will result in better particle sorting leading to higher resolution
3-D reconstructions.
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Figure 4.5 Reconstruction of the ATP-hsp60/10 Football Complex a) Side view of the
football complex. b) Side-view with the crystal structure fit into the EMreconstruction. c) Central slice through the football complex revealing the interior
features of the symmetric complex. d) Same view as in “c” with the fitted crystal
structure. e & f) Fitting of a single subunit from both football structures at views
orthogonal to each other illustrating the overall fit of the two structures.

4.4

THE EFFECTS OF ADP ON HSP60/10
Previous work on mutant single ring groEL proteins have revealed that single ring

chaperonins may exhibit up to an 80% increase in volume in the internal cavity when
compared to equivalent cis-cavity (Chen et al. 2006). In the mammalian mitochondria
an expanded single ring conformation in the human hsp60/10 protein folding
mechanism is postulated to allow for the accommodation of larger substrate proteins
and partial complexes to be sequestered by the chaperonin. This theory is supported
by the reported association between hsp60 and the 82 kDa mitochondrial Aconitase
protein, a protein too large to be encapsulated by groEL/ES (Wolf 2006).
Previous investigations have proposed the minimal functional unit of the
mitochondrial chaperonin to be a single heptameric ring that facilitates folding without
the need to form of double rings, although an hsp60/10 single ring reconstruction has
yet to be built (Nielson and Cowan 1998). Furthermore, ADP is proposed to have
lowered binding affinity in the hsp60 heptamer and an even weaker affinity in the hsp60
tetradecamer in the presence of hsp10 (Levy-Rimler et al. 2001). It is theorized that the
weakened interaction aids in the dissociation of hsp10 from hsp60 once ATP is
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hydrolyzed; allowing the release of substrate and nucleotide in the absence of a transring (Nielson 1998, Levy-Rimler 2001, Blatch 2006).
Despite the negative reports on the association between hsp60/10 and ADP, it is
the next logical intermediate in the protein folding cycle of the human mitochondrial
chaperonin. Therefore, purified hsp60 and hsp10 were incubated in equimolar amounts
at room temperature in the presence of 2 mM Mg-ADP. The negative stain EM-grids
were prepared as mentioned previously and the resulting data was processed using
EMAN2. Upon exposure to ADP, hsp60/10 prefers an end-on circular orientation in the
micrograph with little to almost zero identifiable tetradecameric side views. Due to the
absence of heptameric hsp10 rings in the micrographs it is presumed all the hsp60 and
hsp10 proteins had associated.
The reconstruction of the circular particles yielded a heptameric single ring hsp60
complex enclosed by hsp10 that was generated using c7 symmetry. The resolution of
the single ring reconstruction is calculated to be approximately 13 Å. The single ring
complex is slightly wider than it is in height, with dimensions of 138 Å by 129 Å
respectively. The expansion of the cavity can be attributed to a drop in the equatorial
domains that allow further ring expansion in addition to the increases induced by hsp10
binding. In the φ-EL chaperonin, the drop in the equatorial domains is postulated to
encourage the dissociation of the double ring complex into two single rings (Molugu
2016). The negative stain results reported here indicate the mitochondrial chaperonin
likely utilizes a similar mechanism for ring-dissociation as observed in the φ-EL
chaperonin.

In the absence of a trans-ring the re-joining of the two single rings

compresses the equatorial domains back into their original planar position in the APO
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conformation, catapulting the newly folded substrate and co-chaperonin out of the
hsp60 cavity (Molugu et al. 2016).

Figure 4.6 Iso-surface Representatino of the hps60/10 Single Ring complex a) Side
view of the hsp60/10 single ring with its dimensions. b) Top view of the complex
showing the entrance to the chamber is close due to hsp10. c) Slab view showing
the inside of the chamber. d) Slab view with chamber dimensions.
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The mutant hsp60/10 crystal structure contained an intra-ring asymmetry that
resulted in a 100° counter-clockwise rotation of one of the seven subunits in each ring.
This intra-ring asymmetry was proposed to encourage the dissociation of hsp10 from
hsp60 upon ATP hydrolysis (Nisemblat et al. 2015). The single ring reconstruction
reported here indicates the reported lack of concerted intra-ring movement may instead
be coercing the chaperonin towards dissociation from a double ring complex into two
single ring complexes. Furthermore, the presence of football and single ring hsp60/10
complexes suggests there is still allosteric communication between the two rings even
though the negative cooperativity has been muted.

The 3-D reconstruction of the

hsp60/10 single-ring complex suggests that the binding of ADP plays a crucial role in
the protein folding cycle of the human mitochondrial chaperonin. The hydrolysis of ATP
to ADP results in the dissociation of the double ring complex into two single ring
complexes, similar to the φ-EL chaperonin (Molugu et al. 2016). It is possible the two
stains used for the negative staining may have helped fix the single ring ADP
conformation therefore allowing imaging under these experimental conditions (Zhao and
Craig 2003).

4.4.1 Current Single Ring Chaperonin Structures
Despite the identification of single ring chaperonins in a variety of organisms, the
majority if not all knowledge on single ring chaperonins is largely based off the φ-EL
chaperonin and single ring (SR1) groEL mutant (Weismann et al. 1995, Chen et al.
2006, Molugu et al. 2016). The lack of knowledge on single ring chaperonins is largely
attributed to their labile nature in-vitro (Viitanen et al. 1998). The hsp60/10 single ring
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reported here provides further insight into the unique protein folding mechanisms of
wild-type single ring chaperonins.
A common feature that the SR1, φ-EL, and hsp60/10 single rings have in
common is an extreme expansion of the central cavity and overall architecture. All the
reported single ring chaperonins are slightly smaller than their respective double ring
counterparts.

The SR1 groEL/ES chaperonin contains the D398A mutation that

reduces the ATPase activity to about 2% of the wild type chaperonin and is unable to
release encapsulated substrate in the absence of a trans-ring (Chen et al. 2006). SR1
has dimensions of approximately 130 Å by 130 Å that are extremely close to the
dimension of the APO-groEL with dimensions of 136 Å by 146 Å (Chen et al. 2006,
Braig et al. 1994). The dimensions of the φ-EL single ring are estimated at 147 Å by
158 Å as compared to its open tetradecameric conformation that is 143 Å by 164 Å in
size (Molugu et al. 2016).

It seems that a common feature among single ring

chaperonins is the ability to undergo extreme structural rearrangements allowing for the
encapsulation of large proteins that cannot be encapsulated by their double ring
counterparts (Chen et al. 2006, Molugu et al. 2016). At the moment it is still unclear
whether the ring expansion in the hsp60/10 single ring complex allows for the folding of
large proteins such as β-galactosidase or if it plays another role in the mitochondrial
chaperonins biological duties.
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Figure 4.7 Iso-Surface Representation of the Reported Single Ring Chaperonins a) The
viral φ-EL chaperonin. b) The SR1-groEL/ES chaperonin. c) The human
mitochondrial chaperonin.

4.5

PROPOSED PROTEIN FOLDING MECHANISM OF HSP60/10
The elucidation of five intermediates through the use of negative stain-EM has

allowed for the proposal of the protein folding cycle of the human mitochondrial
chaperonin.

Similar to its bacterial counter-part, groEL/ES, the reaction cycle

presumably starts with a naked APO-hsp60 tetradecamer that binds ATP in a sequential
manner to cis-ring of hsp60. Upon ATP binding to the cis-ring, an elevation of the apical
domains exposes the substrate and hsp10 binding interface that results in the formation
of an asymmetric bullet shaped hsp60/10 complex. This same sequence is iterated in
the trans-ring that ultimately binds hsp10, leading to a symmetric football shaped
complex. The necessity of a bullet to football transition state might ensure stability in
the hsp60 tetradecamer preventing early dissociation of the complex into single rings.
Therefore each ring is prepared in a sequential rather than a concerted manner. The
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hydrolysis of ATP to ADP induces massive rearrangements in the equatorial domain
that drop in elevation resulting in a further expansion of the hsp60/10 chamber. As the
two rings come back together the equatorial domains move back towards the center of
the newly formed tetradecamer aiding in the ejection of substrate and hsp10 leading to
the reformation of APO-hsp60.
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Figure 4.8 Proposed Protein Folding Cycle for Human Mitochondrial hsp60/10 The cycle
is initiated by ATP binding to one ring in the APO-hsp60 tetradecamer followed by
hsp10 binding to form the bullet complex. Binding of ATP and hsp10 to the cis-ring
primes the trans-ring for acceptance of ATP and hsp10 to form the football
complex. The football complex dissociates into two single ring complexes. The
rejoining of the rings triggers the ejection of substrate and hsp10 from both rings.
The cycle is then iterated. The reconstructions were radially colored to illustrate
the extreme structural rearrangements of the mitochondrial chaperonin during its
protein folding cycle.

The chemical nature of the hsp60/10 chamber awaits a high resolution cryo-EM
or crystal structure; however, sequence alignment of hsp60 to groEL revealed that the
hydrophilic cavity lining residues in groEL are conserved in hsp60 (Karlin and Brocchieri
2000). This sequence homology coupled with a similar mechanism for co-chaperonin
binding indicate the human mitochondrial chaperonin likely utilizes a hydrophilic cavity
to facilitate the burial of exposed hydrophobic patches in non-native substrate proteins.
The protein folding cycle of the human mitochondrial chaperonin is highlighted by its
novel utilization of negative cooperativity for chamber closure, and positive cooperativity
for single ring formation. These two features are a unique combination of the two-stroke
and one-stroke mechanisms utilized in the groEL/ES and φ-EL chaperonins,
respectively.

Thus, it seems the hsp60/10 protein folding mechanism is a little bit

country and a little bit rock-&-roll, and the human mitochondrial chaperonin actually
takes two single-rings to tango.
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4.6

PITFALLS
The project design reported in this dissertation is not without its flaws. Negative

stain reconstructions are lower resolution than cryo-EM reconstructions, and due to the
fixing properties of heavy-metal stains, the resulting negative stain reconstructions are
technically not of a hydrated protein as in cryo-EM. In addition, reference free class
averaging performed in RELION2 for the APO, ATP and ADP data-sets used for the
EMAN2 reconstructions reported here, have indicated that asymmetric intra- and interring activity plays a role in a majority of the hsp60/10 complexes. The asymmetry of the
hsp60/10 complexes will require a vast amount of data to overcome the challenges
imposed by symmetry free reconstructions. It is quite clear now, that the observed
asymmetry in the hsp60/10 complexes have severely hindered the resolution of the
negative stain reconstructions reported here. Furthermore, RELION2 reference free
averaging on the football data-set indicates that some of the football particles may
contain substrate protein encased inside the hsp60 rings. Future work in RELION2 will
focus on elucidating the role played by asymmetric complexes in the protein folding
cycle of the human mitochondrial chaperonin.
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Figure 4.9 RELION2 Reference Free Class Averaging The reference free averages for the
APO, ATP, and ADP hsp60/10 complexes all show asymmetry in the radially
arranged subunits. Furthermore, class averages on the hsp60/10 football data-set
indicates that some of the football particles might contain substrate encased inside
the hsp60 rings.
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4.7

FUTURE DIRECTIONS
The purification and negative stain-EM methodology presented have allowed for

the elucidation of the conditions that propel the human mitochondrial chaperonin
through its various conformational intermediates. Now that the underlying biology and
the mitochondrial chaperonins protein folding cycle are better understood; highresolution cryo-EM and crystallographic studies will be the focus for future projects. The
recent reports of two single point mutations in the HSPD1 gene resulting in two distinct
yet similar neurodegenerative diseases, termed MitChap60 disease and spastic
paraplegia 13 have reinforced the necessity for atomic resolution structures of human
mitochondrial hsp60/10 complexes (Hansen 2002, Magen 2008). The elucidation of the
atomic details that lead to the onset of the aforementioned neurodegenerative disease
will shed light on the role played by chaperonins in neurodegenerative and other
disease conditions.

4.8

CONCLUSION
The

3-D reconstructions presented

here

reveal novel

and

analogous

conformations to the bacterial groEL/ES and the viral φ-EL chaperonins, and are the
first reconstructions of the wild-type human mitochondrial chaperonin. Additionally, I
have generated the first 3-D reconstruction of the human mitochondrial hsp60/10 single
ring complex. Collectively, these data provide insight into the protein folding scheme
utilized by the human mitochondrial chaperonin and assert its position as member of
group III chaperonins.
The utilization of single particle analysis on negatively stained human
mitochondrial hsp60/10 complexes has yielded 3-D reconstructions of the chaperonin in
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various conformations.

The variety of conformations observed has allowed for a

proposal of the protein folding pathway utilized by the human mitochondrial chaperonin.
The observation of “bullet” shaped hsp60/10 complexes in the presence of ATP indicate
that the inter-ring negative cooperativity seen in groEL/ES is conserved in the
mitochondrial chaperonin. However, the additional presence of “football” complexes
suggests the inter-ring negative cooperativity is diminished as the mitochondrial
chaperonin progresses through its ATPase cycle, a feature not seen in groEL/ES.
Furthermore, the dissociation of the hsp60/10 “football” complex into two single rings is
similar to single ring formation in φ-EL that utilizes a one-stroke mechanism. Therefore,
the mitochondrial chaperonin utilizes features from the one- and two-stroke protein
folding mechanisms that allow for co-chaperonin dependent closing of the central cavity
and single ring formation (Viitanen et al., 1992, Nielson and Cowan 1998, Molugu et al.,
2016). Further high resolution cyro-EM or X-ray crystal structures will elucidate the
structural reasons for the double to single ring transition at the atomic level.
Collectively, the results presented here are the first EM-reconstructions of the human
mitochondrial chaperonin that lay a solid foundation for subsequent high resolution
structural analysis.
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